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ABSTRACT
X-ray  P h o t o e l e c t r o n  Spect roscopy (XPS) has  been e v a l u a t e d  as a t e c h n iq u e  fo r  
t h e  i n v e s t i g a t i o n  o f  t h e  i n t e r f a c e  between s y n t h e t i c  b i o m a t e r i a l s  and th e  
p h y s i o l o g i c a l  env i ronm en t ,  with a view to a s s i s t i n g  the  development o f  
s u p e r i o r  m a t e r i a l s  fo r  im p lan t  s u r g e r y .  In t h e  a d a p t a t i o n  o f  t h e  XPS 
t e c h n i q u e  for  t h e  s tu d y  of  the  a c r y l i c  copolymers  used in  t h i s  work a novel  
a l g o r i t h m  has been d e r iv e d  which models  th e  e f f e c t s  o f  a c o n c e n t r a t i o n  
g r a d i e n t  in  t h e  sample s u r f a c e .  XPS has been compared with  r a d i o l a b e l l i n g  
t e c h n iq u e s  fo r  t h e  e s t i m a t i o n  o f  p r o t e i n s  adsorbed  to  s u r f a c e s ,  and has  
i n d i c a t e d  t h a t  t h e  l a t t e r  t e c h n i q u e  may cause a change in  t h e  p r o t e i n  
a d s o r p t i o n  b e h a v i o u r .  F i n a l l y ,  XPS has been used in c o n j u n c t i o n  with  z e t a  
p o t e n t i a l  and c o n t a c t  ang le  measurement to  e l u c i d a t e  t h e  ion  exchange  
mechanisms t a k in g  p la c e  in t h e  s u r f a c e s  o f  th e  a c r y l i c  copolymers  when 
immersed in s im u la te d  p h y s i o l o g i c a l  s a l i n e .  A-mechanism has been  proposed  on 
th e  b a s i s  o f  t h e s e  s t u d i e s  t o  e x p l a in  some o f  the  unusua l  c h a r a c t e r i s t i c s  o f  
p r o t e i n  a d s o r p t i o n  t o  s u r f a c e s ,  which i s  w ide ly  though t  to  be a d e t e r m i n i n g  
f a c t o r  i n  t h e  p h y s i o l o g i c a l  r e s p o n s e  t o  th e  s u r f a c e  o f  a b i o m a t e r i a l .
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1[ 1 .0 ]  BIOMATERIALS
The e x p l o s i o n  o f  t e chno logy  in  t h e  t w e n t i e t h  c e n t u r y  i s  b r i n g i n g  about  a 
s h i f t  o f  emphas is  in  m e d ica l  c a r e  i n  t h e  i n d u s t r i a l i s e d  n a t i o n s .  The 
v i r u l e n t  d i s e a s e s  a r e  no lo n g e r  a s e r i o u s  problem, however,  o t h e r  p r o d u c t s  o f  
t h e  t e c h n o l o g i c a l  r e v o l u t i o n ,  such as  r a p i d  t r a n s p o r t a t i o n ,  l e t h a l  m i l i t a r y  
o r d in a n c e  and even t h e  s t r e s s e s  o f  modern . l i f e  have  p r e s e n t e d  o t h e r  
c h a l l e n g e s  t o  m ed ic ine  -  t h e  r e p a i r  o f  g rav e  p h y s i c a l  damage t o  t h e  human 
b o d y .
The use o f  s u r g i c a l  m a t e r i a l s  has  been r e c o rd e d  in  t h e  e a r l i e s t  a n n a l s  o f  
h i s t o r y .  From t h e  t im e  o f  t h e  pharoahs  u n t i l  t h e  m id d le  o f  t h i s  c e n t u r y  
s u rg e o n s  have adap ted  t h e  e n g i n e e r i n g  m a t e r i a l s  o f  t h e i r  t im e  f o r  t h e i r  u s e  -  
wood, i v o r y ,  l i n e n  and s i l k  in a n c i e n t  t im e s  , m e t a l s  and th e n  commercial  
p l a s t i c s  more r e c e n t l y .  Only s i n c e  t h e  19 6 0 ' s  has  a c o n c e r t e d  e f f o r t  been  
mounted to  produce m a t e r i a l s  fo r  b io m e d ic a l  use  (1 ) .
[ 1 . 1 ]  TISSUE REPLACEMENT AND REPAIR
[ 1 .1 1 ]  SUTURES
F ran  t h e  dawn o f  h i s t o r y  u n t i l  t h i s  c e n t u r y  wound c l o s u r e  has  been  e f f e c t e d  
by employing n a t u r a l  m a t e r i a l s  such as s i l k ,  l i n e n ,  c o t t o n  and c a t g u t  ( 2 ) .  
The l a s t  o f  t h e s e  i s  t h e  o n ly  n a t u r a l  a b s o r b a b l e  s u t u r e  m a t e r i a l ,  i t s  
s t r e n g t h  b e i n g  dependen t  upon t h e  animal o f  o r i g i n  (3)  and i t s  a b s o r p t i o n  
r a t e  v a r y i n g  between p a t i e n t s  and s i t e  o f  use  ( 4 ) .  A l l  t h e s e  m a t e r i a l s  a r e  
p rone  t o  v a r i a t i o n s  in  p r o p e r t i e s ,  a v a i l a b i l i t y  and p o s s i b l e
a n t i g e n i c i t y  (5 ) .
A f t e r  19^5 a v a r i e t y  o f  s y n t h e t i c  m a t e r i a l s  became a v a i l a b l e  which  though  
n o t  b e in g  a b s o r b a b le  were s t r o n g ,  c o n s i s t e n t  and r e l a t i v e l y  i n e r t  
b i o l o g i c a l l y  ( 6 , 7 ) .  The  surgeon was a b l e  t o  s e l e c t  a m a t e r i a l  a p p r o p r i a t e  t o  
i t s  f u n c t i o n ,  eg. s t r o n g ,  s t i f f  p o l y e s t e r  f o r  muscle o r  j o i n t  c l o s u r e  o r
e l a s t i c  p o ly p ro p y le n e  f o r  c a r d i o v a s c u l a r  a p p l i c a t i o n s .  I n  1970
p o l y g l y c o l i c  a c i d  s u t u r e s  became a v a i l a b l e ,  which d eg rade  by  s imple
h y d r o l y s i s  t o  CO^ and H^O t h e r e b y  o b v i a t i n g  t h e  need  f o r  t h e i r
removal ( 8 , 9 ) .
C l . 1 2 ]  ORTHOPAEDIC PROSTHESES
Devices  f o r  s k e l e t a l  r e p a i r  and j o i n t  r ep la cem e n t  a r e  u s u a l l y  f a b r i c a t e d  from 
a s u i t a b l e  m e ta l  ( eg .  s t a i n l e s s  s t e e l ,  t a n t a l l u m  or V i t a l l i u m ,  a 
chroraium-cobalt-molybdenum a l l o y )  f o r  * t h e  l o a d - b e a r i n g  components ( 1 0 , 1 1 ) ,  
w i th  u l t r a  h ig h - m o l e c u l a r - w e i g h t  po ly p ro p y len e  o r  c e r a m ic  wear 
s u r f a c e s  (1 2 ,1 3 ) .  Such d e v i c e s  ( e s p e c i a l l y  t h e  t o t a l  h i p - j o i n t  r e p l a c e m e n t )  
have proven t o  be s u c c e s s f u l  and a r e  w ide ly  used ,  however,  p ro b le m s  can s t i l l  
a r i s e  due to  poor f i x a t i o n  o f  th e  im p la n t  t o  bone (1M). The u s e  o f  bone 
cement (a doughy mix o f  m e thy l  m e t h a c r y l a t e  monomer /  p - t o l u i d i n e  a c t i v a t o r  
and p o ly (m e th y l  m e t h a c r y l a t e )  /  benzoy l  p e ro x id e  i n i t i a t o r  w hich  c u r e s  i n  
s i t u )  a l l e v i a t e s  t h e s e  p rob lem s  somewhat a l t h o u g h  adverse  t i s s u e  r e a c t i o n s  t o  
t h e  t e m p e ra t u r e  r i s e  on c u r i n g  and l e a c h a b l e  monomer can a r i s e  ( 1 5 - 1 8 ) .
A l t e r n a t i v e  f i x a t i o n  methods c u r r e n t l y  under development i n c l u d e :  t h e  u s e  o f
s i n t e r e d  m icrobeads  on t h e  s tem s u r f a c e  t o  encourage  bone growth  i n t o  t h e  
porous  m e ta l  (11,19)* and s p e c i a l l y  f o rm u la te d  ce ra m ics  ( e g .  B io g la s sR )  
which s e t  up an i o n i c  m ic roenv i ronm en t  a t  t h e  bone i n t e r f a c e  as  t h e y  c o r r o d e  
which r e s u l t s  in  an i n t i m a t e  chem ica l  c o n t a c t  between t h e  bone  and t h e
3ceramic  (20  2 3 ) .
Other  p rob lem s  which may a r i s e  w i th  o r th o p a e d ic  p r o s t h e s e s  i n c l u d e :  the
p o s s i b i l i t y  o f  i n f e c t i o n  (15 ,24)  ( u s u a l l y  combatted by a d m i n i s t e r i n g  sys tem ic  
a n t i b i o t i c s )  and th e  c o r r o s i o n  o f  t h e  m e ta l  components i n  t h e  long  
terra ( 2 5 - 2 7 ) .
C l . 13] VASCULAR PROSTHESES
The development o f  c l i n i c a l  v a s c u l a r  p r o s t h e s e s  was prompted by t h e  need  to  
t r e a t  t r a u m a t i c  i n j u r y  d u r in g  th e  two wor ld  wars .  The r i g i d  s y n t h e t i c  t u b e s  
o f  p a r a f f i n  c o a ted  s i l v e r ,  g l a s s ,  v i t a l l i u m  and p l a s t i c s  would e v e n t u a l l y  
f a i l  due t o  thrombus fo rm a t ion  o r  aneurysm fo rm a t io n  and haemorrhage a t  t h e  
an as to m o s es .  By t h e  m i d - 1 9 5 0 ' s  however,  t h e  deve lopments  o r i g i n a t i n g  from 
woven s u t u r e  m a t e r i a l s  (28 ,29) had r e s u l t e d  in f l e x i b l e ,  cr imped v a s c u l a r  
p r o s t h e s e s  f a b r i c a t e d  from T e f lo n ,  Dacron e t c .  ( 3 0 -3 2 ) .  Subsequen t  
r e f in e m e n t s  have  in c lu d e d  ■ k n i t t e d  f a b r i c s  to  p ro v id e  i n c r e a s e d  f l e x i b i l i t y  
and encourage  t i s s u e  ing row th ,  v e l o u r s  to  encourage  and p r o v id e  anchorage  f o r  
n e o - in t im e a  fo rm a t io n  and m ic ro -po rous  f a b r i c s  n o t  r e q u i r i n g  
p r e - c l o t t i n g  ( 3 3 ,3 4 ) .
P a r a l l e l l i n g  t h e  development o f  a r t i f i c i a l  m a t e r i a l s  have been t h e  advances  
i n  t h e  m o d i f i c a t i o n  o f  n a t u r a l  t i s s u e  ( e g .  e n z y m a t i c a l l y  s t a b i l i s e d  bov ine  
a r t e r i e s ,  o r  g l u t e r a l d e h y d e - t r e a t e d  u m b i l i c a l  v e i n s  and a r t e r i e s )  ( 3 5 - 3 8 ) .
These two c l a s s e s  o f  m a t e r i a l s  have proven a d eq u a te  f o r  l a r g e - b o r e  
a p p l i c a t i o n s  ( >6mm), b u t  no s y n t h e t i c  m a t e r i a l  has  y e t  shown l o n g - t e r m  
p a t e n c y  in s m a l l - b o r e  a p p l i c a t i o n s  th e  u s u a l  f a i l u r e  mechanism i n v o l v i n g
4th ro ra b o g e n i s i s .  '
[ 1 .1 4 ]  ARTIFICIAL SKIN
Much can be done t o  r e p l a c e  f a c i a l  t i s s u e  by employing s i l i c o n e  r u b b e r  and 
s k i l l f u l  make-up ( 3 9 -4 1 ) .  t h e  p r o s t h e t i c  d e v ic e  conmonly b e in g  h e ld  in  p l a c e  
by a p a i r  o f  s p e c t a c l e s .  Such m a t e r i a l s  can h a r d l y  be termed " a r t i f i c i a l  
s k i n "  (42) however,  a s  th e  r e p l i c a t i o n  o f  t h e  v i t a l  p r o p e r t i e s  o f  s k in  such  
as  gas and l i q u i d  p e r m e a b i l i t y  i s  no e a s y  m a t t e r .  A b i l a y e r  membrane has  
been d e s c r i b e d ,  however,  c o n s i s t i n g  o f  a b i o d e g ra d a b le
c o l l a g e n  /  g lycosominoglycan  g r a f t  copolymer f o r  wound c o n t a c t  bonded t o  a 
s i l i c o n e  e l a s t o m e r  t o p s u r f a c e  ( 4 3 ) .  Th is  m a t e r i a l  has  been used  as  a 
d r e s s i n g  f o r  t h i r d  d e g re e  b u r n s ,  t h e  b io d e g ra d a b le  polymer b e in g  d i s s o l v e d  as  
t h e  s c a r  t i s s u e  h e a l s .
[ 1 . 2 ]  FUNCTION ASSIST DEVICES
[1 .2 1 ]  OCULAR PROSTHESES
The i n t r o d u c t i o n  o f  po ly  me thy l  m e t h a c r y l a t e  (pMMA) i n  t h e  1940’ s h a s  made 
p o s s i b l e  t h e  m anufac tu re  o f  c h e a p ,  d u r a b l e ,  h ig h  q u a l i t y  c o n t a c t  l e n s e s  ( 4 4 ) .  
The d i s c o m f o r t  e x p e r i e n c e d  by t h e  w e a re r  a r i s e s  from th e  h y d r o p h o b i c i t y ,  
r i g i d i t y  and low gas  p e r m e a b i l i t y  of  t h e  m a t e r i a l  (45 ) .  
Poly hydroxy e t h y l  m e t h a c r y l a t e  (pHEMA), c r o s s l i n k e d  w i th  e t h y l e n e  g l y c o l  
d i m e t h a c r y l a t e  can be sw o l len  i n  s a l i n e  t o  abou t  40& wate r  c o n t e n t  r e s u l t i n g  
in  a f l e x i b l e ,  more h y d r o p h i l i c  l e n s ,  t h e  oxygen p e r m e a b i l i t y  o f  which meets  
o n e - t h i r d  o f  t h e  c o r n e a l  r e q u i r e m e n t  ( s o  t h a t  c o n t in u o u s  wear i s  n o t  
p o s s i b l e )  ( 4 6 , 4 7 ) .
5A l t e r n a t i v e s  t o  t h e s e  m a t e r i a l s  in c lu d e  c e l l u l o s e  a c r y l a t e  b u t y r a t e  (44) 
( s t r o n g ,  h y d r o p h i l i c ,  e a s i l y  c l e a n e d  and more gas pe rm eab le  b u t  more
e x p e n s iv e  t o  m anufac ture  and prone  t o  warp ing)  and s i l i c o n e  r u b b e r  ( e x c e l l e n t
gas p e r m e a b i l i t y  (48) b u t  hyd ro p h o b ic ,  t h e  a d s o r p t i o n  o f  p r o t e i n s  and l i p i d s  
c a u s i n g  them t o  cloud  over ( 4 4 ) ) .
pMMA has a l s o  been employed w i th  some s u cces s  a s  a c o r n e a l  im p la n t  m a t e r i a l ,  
a l t h o u g h  th e  i n c i d e n c e  o f  i n f e c t i o n  rem a ins  h i g h  ( 4 9 ,5 0 ) .
C l . 22] URINARY PROSTHESES
The rep lacem en t  o f  a c h r o n i c a l l y ;  i n f e c t e d  b l a d d e r  o r  u t e r e r  r e q u i r e s  t h e
p r o s t h e s i s  t o  have a v a l v e  sys tem t o  p r e v e n t  back - f low  and a low r e s i d u a l  
volume on emptying to  minimise  t h e  r i s k  o f  i n f e c t i o n  and s to n e  
f o rm a t io n  ( 5 1 ,5 2 ) .  P o ly e t h y le n e  has  proven t o  be u n s a t i s f a c t o r y  in 
s i m u l a t i n g  p h y s i o l o g i c a l  f u n c t i o n  (5 3 ) ,  whereas s i l i c o n e  and T e f lo n  s t i m u l a t e  
s to n e  f o r m a t io n  (5 4 -5 6 ) .  The use  o f  h y d r o g e l s  (which do n o t  n u c l e a t e
c a l c u l i )  g r a f t e d  to  s u i t a b l y  s t r o n g ,  f l e x i b l e  s u b s t r a t e s  ( e g .  p o l y u r e t h a n e s )  
a r e  under  i n v e s t i g a t i o n  (52) .
[1 .2 3 ]  HEART VALVES
Due to  m e chan ic a l  f a i l u r e ,  a t t e m p t s  t o  copy d i r e c t l y  t h e  l e a f l e t  v a l v e s  o f  
t h e  h e a r t  by t h e  f a b r i c a t i o n  o f  s y n t h e t i c  polymer ana logues  (57) have g iven  
way to  f o u r  main c l a s s e s  o f  v a l v e :  th e  caged b a l l  ( 5 8 ) ,  caged d i s c  ( 5 9 ) ,
t i l t i n g  d i s c  (60) and p i v o t i n g  d i s c  (6 1 ) .  C u r re n t  d e s i g n s  employ woven 
Dacron covered  cages t o  c o n t r o l  thromboembolism (62) and h o l lo w  S t e l l i t e  21 
b a l l s  (6 3 ) ;  p y r o l i t i c  ca rbon  (64) h a s  proven t o  be t h e  m a t e r i a l  o f  c h o i c e
f o r  t h e  d i s c  s y s t e m s  due- t o  i t s  1 e x c e l l e n t  t h r o m b o r e s i s t a n c e ,  and 
c a r b o n - c o a t e d  b a l l  v a l v e s  a r e  now a v a i l a b l e .
[ 1 .2 4 ]  HEART ASSIST DEVICES
T echn iques  t o  p ro v id e  a s s i s t a n c e  t o  t h e  h e a r t  i n c lu d e  t h e  l e f t  v e n t r i c u l a r  
bypass  w i th  im p lan ted  o r  e x t r a c o r p o r e a l  pumps ( 6 5 ) ,  which  a l th o u g h  
enco u ra g in g  in  t h e  s h o r t  t e rm  have l i t t l e  s u c c e s s  i n  t h e  lo n g  te rm  (6 6 ) .  
Such h e a r t  a s s i s t  d e v i c e s  s u f f e r  from problems  with  c y c l i c  f a t i g u e  o f  f l e x i n g  
p a r t s ,  i n f e c t i o n  t h ro u g h  th e  t r a n s c u t a n e o u s  a c c e s s ,  and th ro m b o s i s  (which i s  
u s u a l l y  coun te red  by a d m i n i s t e r i n g  a n t i c o a g u l a n t s ) .  P o l y u r e t h a n e s  have  shown 
promise i n  combining f l e x i b i l i t y  w i th  b lood  c o m p a t i b i l i t y  and p r o v id e  some 
hope t h a t  a t o t a l  a r t i f i c i a l  h e a r t  (67) may be  p o s s i b l e  in  t im e  (3 2 ,6 8 ) .
[ 1 . 3 ]  ARTIFICIAL ORGANS
[1 .3 1 ]  BLOOD OXYGENATORS
These e x t r a c o r p o r e a l  d e v i c e s  s e r v e  t o  m a in t a i n  an a d e q u a te  oxygen f low  i n t o  
t h e  b lood  d u r i n g  an o p e r a t i o n  (eg .  open h e a r t  s u r g e r y )  f o r  which t h e  normal 
h e a r t - l u n g  system needs  to  be d i s r u p t e d .  The te c h n iq u e  o f  b u b b l i n g  oxygen 
i n t o  t h e  b lood  d i r e c t l y  can l e a d  to  problems p o s t - o p e r a t i v e l y  due t o  
r e d u c t i o n  o f  p l a t e l e t  f u n c t i o n  and p r o t e i n  d e n a t u r a t i o n  ( 6 9 , 7 0 ) .  
Trans-membrane gas  exchange  d e v i c e s  u t i l i s i n g  permeable  s i l i c o n e  r u b b e r ,  
c e l l o p h a n e ,  o r  microporous  PTFE membranes p ro v id e  an a l t e r n a t i v e  f o r  
pro longed  e x c o r p o r e a l  c i r c u l a t i o n  (7 1 -7 3 ) ,  a l th o u g h  c o n t a c t - a c t i v a t e d  b lood  
damage can s t i l l  r e s u l t  (74 ) .  Work i s  p ro c e e d in g  on t h e  f a b r i c a t i o n  o f  new 
membrane m a t e r i a l s  (75-77)  such a s  p o l y ( a l k y l  s u l p h o n e ) , and i m p l a n t a b l e
7membrane " lu n g s "  (78) .
[ 1 .3 2 ]  HAEMODYALYSIS
As an a l t e r n a t i v e  to  k idne y  t r a n s p l a n t a t i o n ,  haem odyalys is  h a s  been  deve loped  
as a t h e r a p y  f o r  c h r o n i c  r e n a l  f a i l u r e  ( 7 9 ,8 0 ) .  These e x t r a c o r p o r e a l  
" a r t i f i c i a l  k id n e y s"  depend upon t h e  use  o f  . semi-permeable membranes (eg .  
Cuprafan  c e l l u l o s e )  t o  a l low  th e  p a s s a g e  o f  w a te r ,  u r e a  and m e t a b o l i t e s  o f  
m o l e c u la r  w e igh t  up t o  s e v e r a l  thousand  i n t o  d i a l y s a t e  s o l u t i o n s .  
A l t e r n a t i v e  membranes have  been developed  (81) (eg .  p o l y a c r y l o n i t r i l e  and
p o ly c a r b o n a te )  and work i s  p ro c e e d in g  tow ards  membranes which  a r e  more 
e f f i c i e n t  in  t h e  1000 -  3000 m o lecu la r  w e igh t  range  where u rem ic  t o x i n s  may
be p r e s e n t  ( 8 1 ) .
In  a d d i t i o n  t o  b lood  damage a t  t h e  membrane and o t h e r  i n t e r n a l  s u r f a c e s  o f  
t h e  a p p a r a t u s > a major problem in  h a e m o d ia ly s i s  a r i s e s  f rom t h e  need  f o r  
r e p e a t e d  b lood  a c c e s s  (8 2 ,8 3 ) .  U sua l ly  a r t e r i o - v e n o u s  (A-V) s h u n t s  a r e  
formed o r  im p la n t e d  which a r e  r e q u i r e d  to  undergo r e p e a t e d  p u n c t u r e .  
S y n t h e t i c  t r a n s c u t a n e o u s  s h u n t s  o f t e n  s u f f e r  from i n f e c t i o n  and  e r o s i o n  o f  
t h e  n a t u r a l  v e s s e l  a t  t h e  p o i n t  o f  i n s e r t i o n .
The removal o f  hydrophobic  and h ig h  m o le c u la r  w eigh t  s p e c i e s  f rom t h e  b lood  
can be e f f e c t e d  by p a s s i n g  t h e  b lood over a c t i v a t e d  c h a r c o a l  
haem operfus ion  (84 ) .  Attempts t o  reduce  t h e  p l a t e l e t  damage and emboli  
fo rm a t io n  (85) a s s o c i a t e d  w i th  t h i s  p r o c e s s  i n c lu d e  c o a t i n g  t h e  c h a r c o a l  w i th  
albumin and s y n t h e t i c  h y d r o g e l s  ( 8 6 ) .
8C l . 4] PROBLEMS IN BIOMATERIALS DEVELOPMENT 
C l . 41] CRITERIA FOR A GOOD BIOMATERIAL
The c r i t e r i a  f o r  a s u i t a b l e  m a t e r i a l  f o r  u se  in  a p r o s t h e t i c  d e v i c e  have  been 
l i s t e d  by Lyman ( 7 7 ,8 7 , 8 8 )  and t h e  s u c c e s s  and f a i l u r e  pathways i d e n t i f i e d .  
The c r i t e r i a  a r e :
1. R e p ro d u c ib le  s t r u c t u r e  w i th  no l e a c h a b l e s .
2 .  F a b r i c a t i o n  must n o t  change t h e  m a t e r i a l ’ s p r o p e r t i e s .
3.  S u i t a b l e  c h e m ic a l ,  p h y s i c a l  and m echan ica l  p r o p e r t i e s .
4.  These p r o p e r t i e s  must n o t  be a l t e r e d  by s t e r i l i s a t i o n .
5 .  Required s t a b i l i t y  o r  d e g r a d a b i l i t y  in  t h e  b i o l o g i c a l  env i ronm en t .
And in a d d i t i o n  f o r  b l o o d - c o n t a c t  a p p l i c a t i o n s :
6 .  No thrombus fo rm a t ion  o r  damage o f  b lood  c o n s t i t u e n t s .
7 .  No f o r e i g n  body* in f l am m ato ry ,  e n c a p s u l a t i o n  or  c e l l  change 
r e s p o n s e  i n  s u r r o u n d in g  t i s s u e .
8 .  No tumor formation.-
I n  a d d i t i o n  t o  th e  p r o p e r t i e s  o f  th e  m a t e r i a l ,  a t t e n t i o n  needs  t o  be p a i d  to  
c o r r e c t  p r o s t h e t i c  d e s ig n  and i m p l a n t a t i o n  p r o c e d u r e .
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[1 .4 2 ]  SUCCESS AND FAILURE OF BLOOD CONTACT MATERIALS
R e f e r r i n g  t o  F igu re  1 . 1 ,  t h r e e  main r e a c t i o n  pathways have been i d e n t i f i e d .  
In  t h e  f i r s t ,  t h e  b lood  c l o t t i n g  f a c t o r s  a r e  a c t i v a t e d  by c o n t a c t  w i th  t h e  
im p la n t  s u r f a c e ,  c a u s in g  thrombus fo rm a t io n  v i a  t h e  i n t r i n s i c  pathway.  
A l t e r n a t i v e l y ,  p l a t e l e t s  may be a c t i v a t e d ,  a g g r e g a t e  and th ro m b o s i s  p ro c e e d s  
v i a  t h e  e x t r i n s i c  pathway.  Embolism f o l l o w s ,  t h e  th rom bi  be in g  c a r r i e d  away
blood
implant
adsorpt ion 
of p r o t e i n ^
adhesion 
of platelets
"activation 
of clotting 
k fac to rs  .
? d y n a m i c '  
equil ibrium 
of proteins 
and platelets
platelet
aggregation
thrombosisfibrin s t r a n d s  
t r a p  red and > 
svvhite c e l l s /
massive thrombosi: 
and e m b o l i s m s
formation of '  
p se u d o - in t im a
F i g .  1 .1  R e a c t i o n  pa thways  i n  b lo o d  /  s y n t h e t i c  m a t e r i a l  
i n t e r a c t i o n s .  Redrawn from r e f .  89.
downst ream.  They may th e n  acc u m u la te  in  a v i t a l  b lood v e s s e l  and b l o c k  i t  
c a u s i n g  t h e  d e a t h  o f  p a r t  o r  a l l  o f  t h e  body .  T h i s  i s  a t y p i c a l  f a i l u r e  
pa thway.
10
On t h e  o t h e r  hand,  i n s t e a d  o f  t h e  thrombus em b o l i s in g ,  i t  may s e r v e  a s  a 
s u b s t r a t e  f o r  l i v i n g  c e l l s ,  which form a p a s s i v a t i n g  w a l l
( p s e u d o - i n t i m a )  ( 8 9 , 9 0 ) .  This  s u c c e s s f u l  i n t e r a c t i o n  has  been observed  w i th  
v e l o u r - l i n e d  p o l y s i l o x a n e  m a t e r i a l s  ( 9 1 ) .
The second s u c c e s s f u l  pathway i s  t h e  e s t a b l i s h m e n t  o f  a dynamic e q u i l i b r i u m  
o f  p r o t e i n s  and p l a t e l e t s  w i th  t h e  m a t e r i a l  s u r f a c e ,  a p r o c e s s  i n v o l v i n g  
w h i te  c e l l s  and l e a d i n g  t o  no th rombus  fo rm a t io n  (9 0 ) .  T h i s  ty p e  o f  b lood  /  
im p lan t  r e a c t i o n  i s  u s u a l l y  p r e f e r r e d  to  n e o - in t im a  f o r m a t io n ,  and t h e  b u lk  
o f  b a s i c  b i o m a t e r i a l s  r e s e a r c h  has  been d i r e c t e d  a t  f i n d i n g  t h e  i n t e r a c t i o n  
mechanisms which d i s t i n g u i s h  t h i s  s u c c e s s f u l  pathway from an u n s u c c e s s f u l  
one.
[1 .4 3 ]  OTHER PROBLEMS WITH PROSTHETIC DEVICES
To summarise;  i n f e c t i o n  i s  a common problem (92 ) ,  r e s u l t i n g  in  l o o s e n i n g  o f  
o r th o p a e d ic  p r o s t h e s e s ,  f a s t e r  d e g e n e r a t i o n  o f  b i o d e g ra d a b l e  m a t e r i a l s ,  e t c .  
The m a t e r i a l  from which t h e  d e v i c e  i s  f a b r i c a t e d  may c a u s e  p rob lem s ,  due t o  
a d v e r s e  t i s s u e  r e a c t i o n  t o  l e a c h a b l e s  (9 3 ) ,  mis-match i n  t h e  m echan ic a l  
p r o p e r t i e s  o f  th e  m a t e r i a l . a n d  t h e  s u r r o u n d in g  t i s s u e ,  wear and f a t i g u e  ( 9 4 ) ,  
and e i t h e r  an ad v e r s e  s o f t  t i s s u e  r e a c t i o n  t o  t h e  m a t e r i a l  i t s e l f  o r  t h e  
fo rm a t io n  o f  a t i s s u e  c a p s u le  around th e  im p lan t  l e a d i n g  t o  f i x a t i o n  
p rob lem s  ( 9 2 ) .
By d e s i g n ,  t h e  human body i s  an e x t r e m e ly  h o s t i l e  envi ronment t o  f o r e i g n  
o b j e c t s  and i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  s e l e c t i o n  o f  m a t e r i a l s  s u i t e d  b o th  
c h e m ic a l ly  and m e c h a n ic a l ly  t o  t h e i r  pu rpose  i s  n o t  e a s y .  With t h e  e x c e p t i o n  
o f  o r th o p a e d ic  p r o s t h e s e s ,  i t  has  become c l e a r  t h a t  s y n t h e t i c  po lymers  show
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t h e  most promise f o r  b io m e d ic a l  a p p l i c a t i o n s ,  a s  modern po lymer t e c h n o lo g y  
a l lo w s  th e  s y n t h e s i s  o f  m a t e r i a l s  which can i n t e r f a c e  w e l l  w i th  t h e  
p h y s i o l o g i c a l  env i ronm ent  b o th  m e c h a n ic a l ly  and c h e m i c a l l y .
In  th e  n e x t  c h a p t e r  a b r i e f  r ev ie w  w i l l  be given o f  t h e  p h y s i o l o g i c a l  
env i ronm en t ,  b io m e d ic a l  polymers  and t h e  i n t e r a c t i o n s  between  t h e  tw o ,  w i t h  
s p e c i a l  r e f e r e n c e  t o  polymer /  plasma p r o t e i n  i n t e r a c t i o n s .
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C2.0] BIOCOMPATIBILITY OF SYNTHETIC POLYMERS
[ 2 . 1 ]  THE PHYSIOLOGICAL ENVIRONMENT
Blood,  a f low ing  t i s s u e ,  com pr ises  7% o f  t h e  body by weight  . I t s  f u n c t i o n s  
i n c l u d e :  th e  d e l i v e r y  t o  c e l l s  o f  food and oxygen,  t r a n s p o r t  o f  w as tes  and
ex c e s s  h e a t  f o r  d i s p o s a l ,  c a r r i a g e  o f  hormones t o  m a i n t a i n  chem ica l  c o n t a c t  
between o rg a n s  and,  v i a  t h e  immune sys tem,  t h e  c h a l l e n g i n g  o f  f o r e i g n  
in v a d e r s  ( 1 , 2 ) .
55% o f  blood by volume i s  plasma which in  t e rm s  o f  s a l t  c o n t e n t  i s  n o t  
u n l i k e  d i l u t e d  s eaw a te r  (3) .  Most n o n p r o t e i n  s u b s t a n c e s  (which compri se  
about  1% o f  plasma) a r e  ca rgo  on t h e i r  way to  o r  from t i s s u e s ,  t h e i r
c o n c e n t r a t i o n  b e in g  m a in ta in e d  by c e r t a i n  o rgans  th ro u g h  n e g a t i v e  feedback  
s y s t e m s .  92% o f  plasma i s  w a te r ,  t h e  r em a in ing  7% c o n s i s t i n g  o f
p r o t e i n s  ( 4 ) ,  which  a c t  t o  m a in t a i n  osmotic  p r e s s u r e  * pH ( a t  7 . 3 - 7 . 5 )  and 
v i s c o s i t y .  The t h r e e  main plasma p r o t e i n s  a r e  a lbumin ,  t h e  immunoglobulins  
and f i b r i n o g e n .  y - g l o b u l i n  o r i g i n a t e s  from lymphoid t i s s u e ,  t h e  o t h e r  
p r o t e i n s  from t h e  l i v e r  ( 5 ) .
The rem a in ing  45% o f  blood  c o n s i s t s  o f  th e  c e l l u l a r  e l e m e n t s .  The v a s t
m a j o r i t y  a r e  t h e  e r y t h r o c y t e s  ( red  c e l l s ) ,  7 -8  jum i n  d i a m e t e r ,  1-2 i^m t h i c k
and c o n t a i n i n g  hemoglobin f o r  oxygen t r a n s p o r t .
0.2% o f  b lood c e l l s  a re  l e u k o c y t e s  (w h i te  c e l l s )  whose f u n c t i o n  i s  d e f e n c e .  
They a r e  l a r g e r  than  e r y t h r o c y t e s  and can be d i v i d e d  i n t o  f i v e  c l a s s e s  by 
ap p e a ra n c e .  They a r e  c a p a b le  o f  movement a g a i n s t  b lood  f low and can move 
a c r o s s  v e s s e l  w a l l s  and between t i s s u e  c e l l s .
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P r o t e i n s  s e l e c t ,  d i r e c t  and a c c e l e r a t e  chem ica l  r e a c t i o n s ,  f a c i l i t a t e  gas 
t r a n s p o r t  , f u n c t i o n  as  p a r t  o f  t h e  immune system and p r o v id e  s t r u c t u r a l  
s u p p o r t  ( 6 ) .  P r o t e i n s  a r e  p o ly  (amino a c i d s ) ,  j o i n e d  by p e p t i d e  bonds  formed 
by a c o n d e n s a t io n  r e a c t i o n  between t h e  c a rb o x y l  group on one amino a c i d  and 
t h e  amine g roup on t h e  a d j a c e n t  one .
The amino a c i d  sequence  forms t h e  p r im ary  s t r u c t u r e  o f  t h e  p r o t e i n ;  a 
t y p i c a l  p r o t e i n  may c o n t a i n  tw en ty  d i f f e r e n t  amino a c i d  t y p e s .  The 
con fo rm a t ion  o f  t h e  backbone ,  s t a b i l i s e d  by hydrogen-bond ing ,  c o m p r i s e s  t h e  
s econdary  s t r u c t u r e , and t h e  f o l d i n g  o f  t h e s e  h e l i c e s ,  a g a i n  s t a b i l i s e d  by 
hydrogen-bond ing ,  hydrophob ic  i n t e r a c t i o n s  and i o n i c  i n t e r a c t i o n s ,  i s  t h e  
t e r t i a r y  s t r u c t u r e . The m a i n t e n a n c e . o f  t h e s e  s t r u c t u r e s  i s  v i t a l  t o  t h e  
f u n c t i o n  o f  t h e  p r o t e i n .  Con juga ted  p r o t e i n s  have p r o s t h e t i c  g r o u p s , 
a s s o c i a t e d  m o le c u le s  which a r e  n o t  p r o t e i n s  b u t  which  a i d  t h e  p r o t e i n  i n  i t s  
f u n c t i o n ;  eg .  hemoglobin h a s  t h e  haeme group t o  c h e l a t e  t h e  i r o n  atom t h a t  
f a c i l i t a t e s  oxygen t r a n s p o r t .
One im p o r ta n t  c l a s s  o f  p r o t e i n s  i s  t h e  enzymes , which a r e  n a t u r a l  o r g a n i c  
c a t a l y s t s .  Due to  t h e  n a t u r e  o f  t h e i r  s t r u c t u r e  t h e y  a r e  a b l e  t o  p in  
s p e c i f i c  m o lecu le s  ( s u b s t r a t e s ) i n  o r i e n t a t i o n s  f a v o u r a b l e  f o r  r e a c t i o n  
( y i e l d i n g  p r o d u c t s ) . In such  manner enzymes a r e  a b l e  t o  c a t a l y s e  r e a c t i o n s  
which o th e rw i s e  would be t o o  slow f o r  b i o l o g i c a l  f u n c t i o n  by l o w e r in g  t h e  
a c t i v a t i o n  e n e r g y ,  and a r e  t h e r e f o r e  e s s e n t i a l  f o r  t h e  m a in ten a n ce  o f  l i f e .  
Often a v i t am in  o r  c o f a c t o r  i s  n e c e s s a r y  t o  combine w i th  t h e  p r o t e i n  t o  
p ro v id e  t h e  c o r r e c t  ’’l o c k  and key” a r rangem ent  f o r  c a t a l y s i s  o f  t h e  r e a c t i o n  
i n  q u e s t i o n  (7 ) .
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P r o t e i n s  can be r e n d e r e d  u s e l e s s  i n  s e v e r a l  ways. They can be blocked  by a
b l o c k in g  a g e n t  which competes  f o r  t h e  r e a c t i o n  s i t e  on t h e  p r o t e i n  b u t  does
n o t  r e a c t ;  n e rv e  gases  work on t h i s  p r i n c i p l e .  More s im p ly ,  t h e  d e l i c a t e  
p r o t e i n  s t r u c t u r e  may be d e s t ro y e d  in  a v a r i e t y  o f  ways , such as t e m p e r a t u r e  
o r  pH change .  The i r r e v e r s i b l e  d i s r u p t i o n  o f  t h e  s eco n d a ry  or  t e r t i a r y  
s t r u c t u r e  i s  known as d e n a t u r a t i o n .
The p r o t e i n  a lbumin com pr ises  50-6055 o f  t h e  t o t a l  plasma pool  
( 3 . 5 - 4 . 5  g /100m l) .  I t  has  a m o le c u la r  weigh t  o f  6 9000 and i s  composed o f  610 
amino a c i d  r e s i d u e s  w i th  numerous i n t r a c h a i n  d i s u l p h i d e  l i n k a g e s .  
E l e c t r o p h o r e s i s  a t  pH 8 . 6  g ive s  a s i n g l e  peak whereas  a t  pH 4 two peaks  
o b t a i n ,  i n d i c a t i n g  a s t r u c t u r e  o f  fou r  c lo se -p a ck ed  s u b u n i t s  which u n fo ld  a t  
low pH t o  expose hydrophobic  s u r f a c e s .  Albumin pe r fo rm s  b i o p h i l i c  
( s u r v i v a b l e )  f u n c t i o n s  -  t r a n s p o r t ,  osm ot ic  p r e s s u r e  r e g u l a t i o n  and as  an 
a c c e p t o r  f o r  f a t t y  a c i d s  and l i p i d  metabo li sm.  As o t h e r  p r o t e i n s  a r e  a l s o
a b l e  t o  f u l f i l  t h e s e  f u n c t i o n s ,  albumin d e f i c i e n c y  i s  u s u a l l y  n o t  v e ry
s e r i o u s  .
There a r e  f i v e  y - g l o b u l i n s ,  yG, yM, yA, yD and yE - g l o b u l i n ,  d i s t i n g u i s h e d  by 
s t r u c t u r e .  The f i r s t  t h r e e  appea r  in  Cohn F r a c t i o n  I I  . t h e  s o u rc e  o f  
y - g l o b u l i n  f o r  many a d s o r p t i o n  s t u d i e s .  The major component o f  t h i s  m ix tu re  
i s  yG -g lobu l in  ( IgG).  The c o n c e n t r a t i o n  o f  IgG i n  plasma i s  0 . 9 - 1 . 5  g/100ml
and t h e  m o le c u la r  weigh t  range  i s  156000-161000.  IgG i s  a c o n j u g a te d  p r o t e i n  
(2.9% by weight  c a r b o h y d r a t e )  and has  f o u r  s u b c l a s s e s  c h a r a c t e r i s e d  by t h e i r  
d i s u l p h i d e  l i n k a g e  s y s t e m s .  The p r o t e i n  molecule  c o n s i s t s  o f  two long  
( h e a v y ) and two s h o r t  ( l i g h t ) p o l y p e p t i d e  c h a i n s  l i n k e d  by d i s u l p h i d e  bonds 
( s ee  F ig .  2 . 1 ) .  P r o t e o l y t i c  d i g e s t i o n  o f  t h e  molecu le  w i th  p a p a in  p roduces  
one f ragment  c a l l e d  Fc ( f ragment  c r y s t a l l i s a b l e )  and two i d e n t i c a l  Fab
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F i g .  2 .1  Schem at ic  o f  t h e  IgG p r o t e i n  s t r u c t u r e .
Redrawn from r e f .  6.
( f r a c t i o n  a n t i g e n  b i n d i n g )  f r a g m e n t s .  The b i o f u n c t i o n  o f  y - g l o b u l i n s  i s  
s u i c i d a l  -  a c t i n g  as b lood a n t i b o d i e s  and i m p o r t a n t  r e g u l a t o r s  a t  c e l l  
s u r f a c e s .  The amino a c i d  sequence  in  t h e  heavy  c h a i n s  d e t e r m i n e s  a n t i g e n  
s p e c i f i c i t y  and t h e  l i g h t  c h a i n s  enhance a f f i n i t y  ( 6 ) .
F i b r in o g e n  i s  a l a r g e ,  asymmetric  (38x700fi) r o d ,  a c o n j u g a t e d  p r o t e i n  ( 2 .5 £  
c a r b o h y d r a t e )  w i th  a m o l e c u la r  w e igh t  o f  3^1000 and a c o n c e n t r a t i o n  i n  p lasma 
o f  0 . 2 - 0 . 6  g /100m l .  F ib r in o g e n  i s  c l o t t i n g  f a c t o r  I ;  t h e  c l o t t i n g  enzyme
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th rombin  c o n v e r t s  i t  t o  f i b r i n ,  r e l e a s i n g  f i b r i n o p e p t i d e s  and expos ing  
p o ly m e r i s a b le  s e c t i o n s  o f  th e  molecu le  ( 6 ) .  Like th e  Y“ g l o b u l i n s ,  f i b r i n o g e n  
has  a sym m etr ica l  d im e r - ty p e  s t r u c t u r e  w i th  b i o l o g i c a l l y  a c t i v e  N - te rm in a l  
s i t e s  a t  b o t h  e n d s .
[2 .1 2 ]  THROMBOSIS
There a r e  f i v e  s t a g e s  i n  t h e  normal s e l f - s e a l i n g  r e p a i r  sequence  o f  a damaged 
blood  v e s s e l :  i )  v a s o - c o n s t r i c t i o n  and accum ula t ion  o f  p l a t e l e t s ,  i i )  blood 
c o a g u l a t i o n ,  b a s i c a l l y  t h e  c o n v e r s io n  by t h r o m b o p la s t i n  o f  p ro th rom bin  t o  
th rom bin ,  which c o n v e r t s  f i b r i n o g e n  t o  f i b r i n  (a r e a c t i o n  in v o l v i n g  t h e  
c l o t t i n g  f a c t o r s ,  which a r e  p r o t e i n s ) ,  i i i )  p l a t e l e t  a g g r e g a t i o n  and c l o t  
f o r m a t io n ,  i v )  f i b r i n o l y s i s  -  d i s s o l u t i o n  o f  t h e  c l o t  by p la sm in  and 
v) t i s s u e  r e p a i r  ( 8 ) .  In  common wound h e a l i n g  th ro m b o s i s  and f i b i n o l y s i s  a r e  
i n  b a l a n c e ,  however c e r t a i n  c i r c u m s ta n c e s  (eg .  blood d i s e a s e )  l e ad  to 
runaway b l e e d i n g  o r  c l o t  f o rm a t io n .  S tages  i i )  and i i i )  above w i l l  be 
d i s c u s s e d  in  more d e t a i l  w ith  r e g a r d  to  b lood /  im p lan t  i n t e r a c t i o n s .
One im p o r tan t  problem w i th  b i o m a t e r i a l s  in b l o o d - c o n t a c t  a p p l i c a t i o n s  i s  t h a t  
a thrombus may form on t h e  im p lan t  s u r f a c e ,  become de tached  ( em bo l i se )  and be 
c a r r i e d  downstream and b lock  a v i t a l  blood v e s s e l .  F i g .  2 . 2  i s  a 
d iagrammatic  r e p r e s e n t a t i o n  o f  t h e  c l o t t i n g  sequence ;  i n i t i a t i o n  i s  taken  t o  
be by t h e  a c t i v a t i o n  (on a d s o r p t i o n )  o f  f a c t o r  XII (Hageman f a c t o r )  ( 8 ) ,  
which has  been a t t r i b u t e d  to  t h e  p r e s e n c e  o f  a n e g a t i v e  ch a rg e  on t h e  
s u r f a c e  (9 ) ,  and th e  end r e s u l t  i s  ta k en  t o  be c l o t  f o rm a t io n  ( t h r o m b o s i s ) .  
P l a t e l e t  damage a t  t h e  im p la n t  s u r f a c e  i s  a l s o  a f e a t u r e  o f  t h e  th ro m b o s i s  
pathway (1 0 ) ,  p l a t e l e t s  a d h e r i n g  p r e f e r e n t i a l l y  t o  p o s i t i v e l y  charged 
s u r f a c e s  (1 1 -1 3 ) .
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I t  can be seen  t h a t  b lood  c o a g u l a t i o n  i s  a w a t e r f a l l  sequence  in v o l v in g  
s e v e r a l  c l o t t i n g  f a c t o r s  ( 1 4 ,1 5 ) ,  a s  w e l l  as c a l c iu m  io n s  (p rov ided  p a r t l y  by 
p l a t e l e t  d i s i n t e g r a t i o n )  and o t h e r  c h e m i c a l s .  Each c l o t t i n g  f a c t o r  a c t s  a s  a 
s u b s t r a t e  when i n a c t i v e  and as an enzyme when a c t i v a t e d .  R e g u la t i n g  t h i s  
p r o c e s s  a r e  a n t i c l o t t i n g  f a c t o r s  such as  a n t i t h r o m b in  (which i n a c t i v a t e s  
th rom bin )  and h e p a r i n  (16 ,17)  which enhances  a n t i t h r o m b i n .  The p l a t e l e t s  a r e  
b e l i e v e d  to  d o n a t e  l i p o p r o t e i n  o r  p h o s p h o l ip id  a t  a l a t e r  s t a g e ,  to  
c o n c e n t r a t e  s e v e r a l  c l o t t i n g  f a c t o r s  by a d s o r p t i o n  and to  c a l l  e x t r a  
p l a t e l e t s  t o  t h e  s i t e  by r e l e a s i n g  ADP (18) .
I t  i s  th o u g h t  p o s s i b l e  t h a t  t h e  b l o o d - c l o t t i n g  sequence may be i n i t i a t e d  by 
one o f  t h e  c l o t t i n g  f a c t o r s  (which a r e  them se lves  p r o t e i n s )  be ing  adsorbed  
on to  t h e  im p la n t  s u r f a c e ,  then  a c t i v a t e d  ( p o s s i b l y  as a r e s u l t  o f  
d e n a t u r a t i o n  on a d s o r p t i o n ,  see  [ 2 . 2 2 ] )  and desorbed  to  i n t e r a c t  w i th  t h e  
u n a c t i v a t e d  c l o t t i n g  f a c t o r  f o r  which i t  i s  an enzyme. The cascade  sequence
- i:
w i l l  th e n  proceed  to  t h e  c o n v e r s io n  o f  f i b r i n o g e n  t o  f i b r i n ,  which 
c r o s s - l i n k s  and forms a mesh w i th  t h e  p l a t e l e t s  and r ed  and w h i te  c e l l s  t o  
g iv e  t h e  th rom bus .
The i n t r i n s i c  c l o t t i n g  pathway d e s c r i b e d  above in v o lv e s  t h e  plasma 
c o n s t i t u e n t s  o n l y .  Blood v e s s e l  damage a c t i v a t e s  p l a t e l e t s  which r e l e a s e  
s e r o t o n i n  and p h o s p h o l i p i d s  which t r i g g e r  t h e  e x t r i n s i c  pathway,  i n  which 
t i s s u e  enzymes a c t i v a t e  f a c t o r  X d i r e c t l y .
I t  i s  e v i d e n t  t h a t  undamaged b lood  v e s s e l  w a l l s  a r e  n o t  n o rm a l ly  th rombogenic
2 -
and i t  i s  b e l i e v e d  t h a t  s u r f a c e  SOi+ and COO groups  a r e  r e s p o n s i b l e  f o r  
t h i s  p a s s i v i t y  ( v i a  e l e c t r o s t a t i c  r e p u l s i o n  o f  th e  p l a t e l e t  n e g a t i v e  s u r f a c e  
ch a rg e )  ( 1 9 ) .  Although e f f o r t s  t o  mimic t h i s  e f f e c t  by d e p lo y in g  n e g a t i v e
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cha rge s  on t h e  s u r f a c e s  o f  b i o m a t e r i ' a l s  have had o n ly  modest  s u c c e s s ,  t h e
- . i
v a l i d i t y  o f  t h e  h y p o t h e s i s  h a s  been dem ons t ra ted  by e x p e r im en t s  in  which 
p o s i t i v e l y  charged s u r f a c e s  (11) have f a i l e d  to p ro v id e  a nonthrombogenic 
s u r f a c e .
[2 .1 3 ]  THE IMMUNE SYSTEM
The a g e n t s  o f  immunity a r e  t h e  l e u k o c y t e s  (white  b lood  c e l l s ) ,  t h e  two most 
numerous t y p e s  b e in g  t h e  n e u t r o p h i l s  and t h e  lym phocytes .  The f a s t  moving 
n e u t r o p h i l s  a re  t h e  f i r s t  t o  a r r i v e  a t  an i n f e c t i o n  s i t e ,  e n g u l f i n g  t h e  
f o r e i g n  body and d i g e s t i n g  i t  w i t h  pow erfu l  enzymes.  There a r e  two c l a s s e s  
o f  lymphocyte -  T - c e l l s ,  which a t t a c k  t h e  i n f e c t i o n  d i r e c t l y  and B - c e l l s  
which a s s i s t  t h e  T - c e l l s  by s y n t h e s i s i n g  t h e  y - g l o b u l i n s  n e c e s s a r y  f o r  t h e  
a t t a c k .
V-'
The immune sys tem  i s  t r i g g e r e d  by f o r e i g n  b o d i e s ,  known as  a n t i g e n s  ( a n t i b o d y  
g e n e r a t o r s ) . E v e n t u a l l y  the y  w i l l  c o l l i d e  w i th  a T - c e l l  w i th  a s p e c i f i c  
r e c e p t o r  s i t e  ( t h e  a n t ib o d y  -  an immunoglobulin)  and t h e  T - c e l l  w i l l  d i v i d e  
and e n g u l f  t h e  a n t i g e n .
As a r e s u l t  o f  t i s s u e  damage d u r in g  i m p l a n t a t i o n ,  c h e m o ta c t i c  agen ts '  a r e  
r e l e a s e d  which c a l l  n e u t r o p h i l s  t o  t h e  wound s i t e .  Dur ing t h i s  c l e a n i n g  up 
phase ( l a s t i n g  up to s e v e r a l  days )  t h e  n e u t r o p h i l s  d i e  and r e l e a s e  enzymes 
which d i g e s t  e x t r a c e l l u l a r  d e b r i s .  Within 12 hours  o f  i n c i s i o n  monocytes 
begin t o  a r r i v e  and d eve lop  i n t o  macrophages ,  which phagocy tose  t h e  sm a l l  
p a r t i c u l a t e  d e b r i s ,  dead n e u t r o p h i l s ,  d en a tu re d  p r o t e i n s  and t i s s u e  r em n a n ts .  
P a r t i c u l a t e  m a t t e r  which i s  too  l a r g e  f o r  t h e  macrophages t o  e n g u l f  i s  
su r rounded  by them and g i a n t  c e l l s  form. A f t e r  t h e  wound has  been c l e a n e d  by
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them, t h e  macrophages r e t i r e  th ro u g h  t h e  t i s s u e s  (20) .
During  t h i s  c l e a n - u p  p e r i o d ,  f i b r o b l a s t s  a r r i v e  and begin  t o  d i v i d e  u n t i l  t h e  
oxygen p a r t i a l  p r e s s u r e  f a l l s  t o  a c r i t i c a l  l e v e l ,  whereupon c o l l a g e n  
s y n t h e s i s  b e g i n s .  The f i b r o b l a s t s  l a y  down t h i s  c o l l a g e n  as f i b r e  b u n d le s  t o  
form s c a r  t i s s u e ,  which e n c a p s u l a t e s  t h e  im p la n t .
I f  t h e  im p la n t  s u r f a c e  i s  b i o l o g i c a l l y  in c o m p a t ib le  t h e  w h i t e  c e l l s  w i l l  
r e l e a s e  c h e m ic a l s  t o  a t t r a c t  o t h e r  n e u t r o p h i l s ,  l o c a l  c l o t t i n g  w i l l  s e a l  o f f  
t h e  a r e a ,  c a p i l l i a r y  p e r m e a b i l i t y  w i l l  i n c r e a s e  and f l u i d  w i l l  be accumula ted  
in t h e  t i s s u e  spaces  t o  d i l u t e  t o x i c  s u b s t a n c e s  -  an a l l - o u t  a t t a c k  by t h e  
immune system known as in f l am m at ion  (2 1 ) .  The q u e s t i o n  o f  c o m p a t i b i l i t y  w i th  
c e l l s  has been a d d re s s e d  by Doyle (2 2 ) ;  t h e  p r e s e n t  s t u d y  i s  c o n f in e d  to  t h e  
a c e l l u l a r  b lood  e l e m e n t s .
[ 2 . 2 ]  INTERACTION OF BLOOD ELEMENTS WITH THE IMPLANT SURFACE
[2 .2 1 ]  ADSORPTION SEQUENCE
An exam ina t ion  o f  t h e  m o b i l i t i e s  and c o n c e n t r a t i o n s  o f  t h e  components o f  body 
f l u i d  i n d i c a t e s  t h a t  w i t h i n  m ic roseconds  t h e  im p la n t  s u r f a c e  w i l l  be 
c o n t a c t e d  by w a te r  m o l e c u le s ,  i o n s  and sm al l  m e t a b o l y t e s ,  fo l low ed  by 
p r o t e i n s  and and s m a l l e r  m o lecu le s  (23 ) .  The a d s o r p t i o n  o f  p r o t e i n s  may 
r e a c h  e q u i l i b r i u m  w i th i n  a few seconds ,  o r  may c o n t in u e  a t  a reduced  
r a t e  ( 2 4 ) .  A f t e r  30-120 seconds  t h e  a d h es io n  o f  c e l l s  b e g in s  (2 5 ) .
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In t h e  lo n g e r  t e rm ,  i o n s  and s m a l l e r  m o lecu le s  a r e  exchanged w i th  t h o s e  in
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s o l u t i o n ,  p r o t e i n s  may d e n a t u r e ,  d e s o rb  o r  be adso rbed  from p la sm a ,  m e ta b o l i c  
p r o c e s s e s  o f  t h e  a d h e r i n g  c e l l s  t a k e  p l a c e  ( f o r  example thrombus fo rm a t io n  a t  
blood c o n t a c t  s u r f a c e s  or  c o l l a g e n o u s  f i b r e  e n c a p s u l a t i o n  o f  e x t r a - v a s c u l a r  
s u r f a c e s ) ,  w i th  p o s s i b l y  th e  embolism o f  th ro m b i ,  o r  d e g r a d a t i o n  o f  t h e  
im p la n t  m a t r ix  over a p e r io d  o f  weeks (23 ) .
The f a c t  t h a t  p r o t e i n  a d s o r p t i o n  i s  r a p i d  and p r e c e e d s  c e l l  ad h es io n  i s  w e l l  
documented ( 2 5 , 2 6 ) .  P r o t e i n  a d s o r p t i o n  from plasma p roceeds  t o  t h e  f o r m a t io n  
o f  a m u l t i l a y e r ,  t h rough  which t h e  i n f l u e n c e  o f  t h e  s u r f a c e  i s  f e l t  by t h e  
c e l l s  s u b s e q u e n t l y  a d h e r i n g  ( 2 7 , 2 8 ) .  M ic r o c a lo r im e t r y  o f  y - g l o b u l i n  
a d s o r p t i o n  t o  g l a s s  shows two p a r t s  t o  t h e  a d s o r p t i o n  i s o th e r m  -  i t  would 
appear  t h a t  when p r o t e i n s  a d s o rb  from d i l u t e  s o l u t i o n  t h e y  tend  to  " l i e  f l a t "  
on t h e  s u r f a c e ,  however when adsorbed  from s o l u t i o n s  a p p ro a c h in g  
p h y s i o l o g i c a l '  c o n c e n t r a t i o n ,  t h e y  a r e  o n ly  a t t a c h e d  f o r  p a r t  o f  t h e i r  
l e n g th  (2 9 -3 2 ) .  The knee in  t h e  i s o th e rm  ment ioned above has  been 
i n t e r p r e t e d  as  t h e  t r a n s i t i o n  between t h e  two s t a t e s ,  a c o n c l u s i o n  which i s  
su p p o r te d  by model s t u d i e s  o f  th e  a d s o r p t i o n  o f  v a r i o u s  p r o t e i n  
ana logues  (2 7 ,3 3 ,3 * 0 .
The Langmuir a d s o r p t i o n  i s o th e r m  i s  commonly observed ( 3 5 -4 0 ) ,  which i s  t o  be 
r e g a rd e d  as f o r t u i t o u s  in  view o f  th e  assum pt ions  o f  e q u i l i b r i u m  
thermodynamics i m p l i c i t  w i th i n  t h e  Langmuir t r e a t m e n t  ( 4 1 ) .  As has  been  
p o in t e d  out  by F r i s c h  (42 ) ,  t h e  Langmuir i s o t h e r m  r e s u l t s  a s  a s p e c i a l  c a s e  
o f  a t r e a t m e n t  o f  th e  a d s o r p t i o n  o f  f l e x i b l e  m acrom olecu les ,  c o n s i d e r i n g  an 
e q u i l i b r i u m  a d s o r p t i o n  /  d e s o r p t i o n  o f  t h e  component segments o f  t h e  c h a i n .  
Langmuir i s o t h e r m s  w i l l  be observed when t h e  im p la n t  s u r f a c e  may be r e s o l v e d  
i n t o  d i s c r e t e  a c t i v e  a d s o r p t i o n  s i t e s  s e p a r a t e d  by a d i s t a n c e  comparable  t o
27
t h e  ex tended  c h a i n  l e n g t h  o f  t h e  p r o t e i n ,  o r  when t h e  p r o t e i n  m o lecu le s  a r e  
c l o s e l y  packed and a d s o rb in g  a t  one segment p e r  c h a i n .
F r e u n d l i c h  a d s o r p t i o n  i s o t h e r m s  have been r e p o r t e d  fo r  t h e  a d s o r p t i o n  o f  
r a d i o l a b e l l e d  serum p r o t e i n s  on p o l y e t h y l e n e ,  p(HEMA) and po ly  e t h y l  
m e t h a c r y l a t e  p(EMA) (4 3 ,4 4 ) ,  c o r r e s p o n d in g  to  a low p r o p o r t i o n  o f  t h e  a c t i v e  
s i t e s  b e in g  occup ied  in t h e  t r e a t m e n t  o f  F r i s c h .
Norde and Lyklema have conducted  a thermodynamic a n a l y s i s  o f  p r o t e i n  
a d s o r p t i o n  t o  s u l p h a t e d  p o l y s t y r e n e  employing m i c r o c a l o r i m e t r y  ( 4 5 , 4 6 ) .  For 
c e r t a i n  v a l u e s  o f  polymer s u r f a c e  cha rge  d e n s i t y  and s o l u t i o n  pH, th e  
e n t h a l p y  change o f  a d s o r p t i o n  was found to  be p o s i t i v e ,  so t h a t  p r o t e i n  
a d s o r p t i o n  was c o n s id e r e d  to  be d r iv e n  l a r g e l y  by an e n t ropy  i n c r e a s e  on t h e  
l o s s  o f  s t r u c t u r e d  w a te r  a t  t h e  hydrophobic  r e g i o n s  o f  t h e  polymer s u r f a c e  
and r e - a r r a n g e m e n t s  in  t h e  p r o t e i n  c o n fo rm a t io n .  They have a l s o  c o n s t r u c t e d  
a t h r e e - l a y e r  model f o r  albumin adsorbed  to  a n e g a t i v e l y  charged p o l y s t y r e n e  
s u r f a c e  from e l e c t r o p h o r e s i s  and p ro to n  t i t r a t i o n  measurements ( 4 6 ) .  The 
f i r s t ,  a t  t h e  p o l y s t y r e n e  /  p r o t e i n  l a y e r  i n t e r f a c e  c o n t a i n s  a m a j o r i t y  of  
t h e  p o s i t i v e  p r o t e i n  groups  and,  s u r p r i s i n g l y ,  in  view o f  t h e i r  a b i l i t y  t o  
c a r r y  a n e g a t i v e  c h a rg e ,  a f a i r  p r o p o r t i o n  o f  t h e  p r o t e i n  c a rb o x y l  groups  as 
w e l l  as  t r a p p e d  i o n s  from s o l u t i o n .  The midd le  r e g io n  c o n t a i n s  a m a j o r i t y  o f  
t h e  hydrophobic  p r o t e i n  groups  and t h e  aqueous i n t e r f a c e  i s  composed m a in ly  
o f  charged g roups .  The e l e c t r o s t a t i c  p o t e n t i a l  change a c r o s s  t h e  p r o t e i n  
l a y e r  was a l s o  deduced,  ma tch ing  t h a t  o f  th e  p o l y s t y r e n e  and w a te r  a t  th e  
a p p r o p r i a t e  i n t e r f a c e s  (41 ) .  The p r o t e i n  l a y e r  t h e r e f o r e  a c t s  a s  a b r i d g e  
between t h e  polymer and th e  s o l u t i o n ,  changing  con fo rm a t ion  t o  o p t i m i s e  
i n t e r a c t i o n s  a t  b o th  i n t e r f a c e s .
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No c l e a r  r u l e s  have emerged c o n c e rn in g  t h e  d e g re e  o f  p r o t e i n  d e n a t u r a t i o n  a t
i
im p lan t  s u r f a c e s .  I t  has  been  proposed  t h a t  p r o t e i n s  change  con fo rm a t ion  t o  
s u i t  t h e i r  env i ronm ent  ( 2 4 ) ,  however no a p p a r e n t  r e l a t i o n s h i p  e x i s t s  between 
c a l c u l a t e d  p r o t e i n  h y d r o p h o b i c i t y  (47 ,48)  and s u s c e p t i b i l i t y  t o  d e n a t u r a t i o n .
[ 2 .2 2 ]  HYDROPHOBIC POLYMERS
I t  has  long  been known t h a t  by r e n d e r i n g  t h e  s u r f a c e  o f  a g l a s s  c o n t a i n e r  
hydrophob ic ,  by s i l a n i s i n g  o r  by c o a t i n g  w i th  p a r a f f i n  wax, t h e  c l o t t i n g  t im e  
o f  b lood  could  be ex tended  and blood  s t o r a g e  f a c i l i t a t e d  ( 4 9 , 5 0 ) .  Both 
e x p e r i e n c e  w i th  p r o s t h e s e s  f a b r i c a t e d  from hydrophobic polymers  and r e s e a r c h  
has  shown t h a t  a l t h o u g h  hydrophobic  polymers  a r e  more b lood  c o m p a t ib l e  t h a n ,  
f o r  example,  g l a s s ,  t h e y  a r e  s t i l l  a long  way from b e in g  t h e  i d e a l  
b l o o d - c o n t a c t  s u r f a c e .  Hydrophobic polymers i n i t i a t e  b lood  c o a g u l a t i o n ,
s u p p o r t  p r o t e i n  a d s o r p t i o n  and p l a t e l e t  adhes ion  and may l y s e  r e d  c e l l s  ( 5 1 ) .
P r o t e i n  a d s o r p t i o n  t o  hydrophobic  polymers  i s  r a p i d  and e s s e n t i a l l y  
i r r e v e r s i b l e  ( 3 5 , 5 1 ) .  A dsorp t ion  from d i l u t e  s o l u t i o n s  i s  u s u a l l y  observed  
to  s t a b i l i s e  a t  a monolayer ( 3 5 ,5 1 , 5 2 )  a l th o u g h  from s o l u t i o n s  o f  
p h y s i o l o g i c a l  c o n c e n t r a t i o n  o r  from plasma i t  g e n e r a l l y  c o n t i n u e s  t o  
m u l t i l a y e r  f o rm a t io n  (3 6 ) .
I t  has been r e p o r t e d  t h a t  t h e  p l a t e a u  l e v e l  o f  a d s o r p t i o n  t o  hydrophob ic  
polymers  i s  p r o p o r t i o n a l  to  t h e  m o le c u la r  w eigh t  o f  t h e  p r o t e i n
a d s o r b in g  ( 3 5 ) ,  and a thermodynamic t r e a t m e n t  o f  t h e  a d s o r p t i o n  p r o c e s s
i n d i c a t e s  t h a t  an i n c r e a s e  o f  e n t ropy  dominates  t h e  a d s o r p t i o n  
p ro c e s s  ( 4 1 ,4 6 ) .  P a r t  o f  t h i s  en t ropy  i n c r e a s e  w i l l  come from t h e  
d i s p la c e m e n t  o f  w a te r  p r e v i o u s l y  s t r u c t u r e d  a t  t h e  hydrophob ic  polymer
s u r f a c e ,  and p a r t  from a change in t h e  p r o t e i n  con fo rm a t ion  on a d s o r p t i o n  
( s e e  be low) .  Although polymer -  p r o t e i n  bonds o f  a p o l a r  n a t u r e  a r e  
p o s s i b l e  (38 ,39)  ( f o r  example between polymer ca rboxy l  and amino o r  g u a n id y l  
groups on t h e  p r o t e i n  (5 2 ) )  i t  appea rs  t h a t  t h e  bonding between t h e  p r o t e i n  
segments and a t y p i c a l  n o n - p o l a r  hydrophobic  s u r f a c e  i s  due t o  van d e r  Waal’ s 
f o r c e s  on ly  (41 ) ,  and i s  te rm ed ,  in t h e  c o n t e x t  o f  t h e  a s s o c i a t i o n  o f  
hydrophobic  groups  t o  o p t i m i s e  t h e  a s s o c i a t i o n  o f  p o l a r  g ro u p s ,  ’’hydrophobic  
bond ing’’ ( 5 3 ,5 4 ) .
The p r o t e i n  molecule may b e n e f i t  from an en t ropy  g a in  by u n f o l d i n g  
( r an d o m is in g  i t s  own i n t r i c a t e  s t r u c t u r e )  and o r i e n t i n g  i t s  own hydrophobic  
g ro u p s ,  n o rm a l ly  h e ld  in t h e  c o r e  o f  t h e  s t r u c t u r e ,  to  i n t e r f a c e  w i th  t h e  
hydrophobic  polymer s u r f a c e  ( 9 , 5 3 , 5 5 - 5 7 ) .  Such p r o t e i n  d e n a t u r a t i o n ,  i f  i t  
does  o c c u r ,  i s  d i f f i c u l t  to  d e t e c t  on s u r f a c e s ,  and i t  ha s  been conc luded  in 
many s t u d i e s  t h a t  g l o b u l a r  p r o t e i n s  can adso rb  on to  hydrophob ic  polymer 
s u r f a c e s  w i th o u t  d e n a t u r a t i o n  ( 3 5 , 4 1 , 5 1 , 5 8 ) .  Other s t u d i e s  have i n d i c a t e d  
t h a t  d e n a t u r a t i o n  does o c c u r ,  p a r t i c l a r l y  a t  low i n i t i a l  c o n c e n t r a t i o n  in  
s o l u t i o n  ( 3 6 ,4 6 ) ,  each p r o t e i n  a p p a r e n t l y  having  a d i f f e r e n t  " t h r e s h o l d ” f o r  
d e n a t u r a t i o n  (5 1 ) .  The p o s s i b l e  mechanism fo r  t h e  i n i t i a t i o n  o f  b lood
c l o t t i n g  o u t l i n e d  in [2.133 above i s  s u p p o r ted  by measurements o f  p r o t e i n  
d e s o r p t i o n ,  which i n d i c a t e  t h a t  about  20$ o f  any albumin adso rbed  to
p o l y e t h y l e n e  i s  exchangeab le  w i th  t h a t  in  s o l u t i o n  ( 5 1 , 5 9 ) .  I t  i s  t h u s
p o s s i b l e  t h a t  one o r  more o f  th e  b lood  c l o t t i n g  f a c t o r s  may be a c t i v a t e d  by 
something  a k i n  t o  d e n a t u r a t i o n  on a d s o r p t i o n ,  and on d e s o r p t i o n  i n i t i a t e
thrombus f o rm a t io n .
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[2 .2 3 ]  HYDROPHILIC POLYMERS {
In g e n e r a l ,  p r o t e i n  i n t e r a c t i o n s  w i th  h y d r o p h i l i c  s u r f a c e s  o f  modera te  
s u r f a c e  energy  ( s o  as  t o  exc lude  g l a s s ,  f o r  example)  a r e  weaker ,  more 
r e v e r s i b l e  and have more i n t e r a c t i o n s  between s u r f a c e  and p r o t e i n  p o l a r  
groups ( 4 1 ,6 0 ) .  As t h e  polymer i t s e l f  i s  a b l e  t o  i n t e r a c t  w i t h ,  and p o s s i b l y  
s t r u c t u r e  w a te r ,  i t  i s  more d i f f i c u l t  f o r  t h e  p r o t e i n  molecu le  t o  d i s p l a c e  
t h e  i n t e r f a c i a l  w a te r ,  and an i n v e r s e  c o r r e l a t i o n  o f  a d s o r p t i o n  l e v e l  w i th  
p r o t e i n  m o le c u la r  weight  has  been r e p o r t e d  (3 6 ) .
[2 .2 4 ]  HYDROGELS
A polymer which s w e l l s  in  w a te r  t o  an e q u i l i b r i u m  w a te r  c o n t e n t  o f  30-98% by
weight  and y e t  i s  n o t  w a te r  s o l u b l e  i s  termed a " h y d r o g e l ” . Because o f  t h e i r
poor  m echan ic a l  s t r e n g t h ,  most h y d r o g e l s  need to  be g r a f t e d  o n to  a polymer
s u b s t r a t e  such as p o ly u r e t h a n e  o r  s i l i c o n e  r u b b e r  fo r  t h e  f a b r i c a t i o n  o f
v i a b l e  p r o s t h e s e s .  Th is  i s  commonly e f f e c t e d  by i r r a d i a t i n g  t h e  s u b s t r a t e
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and hydroge l  monomer t o g e t h e r ,  w i th  f o r  example,  a Co s o u rce  ( 3 3 , 6 1 - 6 2 ) .  
Free  r a d i c a l s  o f  monomer and s u b s t r a t e  a r e  produced and p o l y m e r i s a t i o n  o f  t h e  
hyd roge l  as  a s u r f a c e  g r a f t  p ro c e e d s .  S u i t a b l e  monomers i n c l u d e  HEMA, 
N -v in y l  p y r r o l i d o n e  (NVP) and a c ry l a m id e .  The s y n t h e s i s ,  c h a r a c t e r i s a t i o n  
and p r o p e r t i e s  o f  h y d ro g e l s  have been reviewed ( 2 4 ,6 3 - 6 8 ) .
A t t e n t i o n  was drawn to  g l y c o l m e t h a c r y l a t e  g e l s  as  b io c o m p a t i b l e  m a t e r i a l s  by 
W i c h te r l e  in  1960 (6 9 ) .  T h e i r  s o f t n e s s  and p e r m e a b i l i t y  t o  m e t a b o l i t e s  were 
obvious  advan tages  a s  im p la n t  m a t e r i a l s .  The i r  open s t r u c t u r e  a l l o w s  t h e  
removal o f  monomer and o t h e r  l e a c h a b l e s  ( 7 0 ) ,  whose d e l e t e r i o u s  e f f e c t  on 
b i o c o m p a t i b i l i t y  i s  marked (71).. The p h y s i c a l  t e x t u r e  o f  c e r t a i n  h y d r o g e l s
s t r o n g l y  r e s em b le s  t h a t  o f  s o f t  t i s s u e ,  and i t  has  been proposed  t h a t  t h e i r  
h ig h  w a te r  c o n t e n t  would r e n d e r  p r o t e i n  a d s o r p t i o n  l e s s  s t r o n g  and more 
r e v e r s i b l e ,  a s  t h e  hydroge l  /  w a te r  i n t e r f a c e ,  a s  “ s e e n ” by t h e  p r o t e i n s  and 
c e l l u l a r  b lood  e lem en ts  would be l e s s  d i s c o n t in u o u s  tha n  t h a t  a t  t h e  s u r f a c e  
o f  a hydrophob ic  polymer ( 2 3 , 6 5 ) .  The w a te r  s t r u c t u r e  o f  p(HEMA) has  been 
s t u d i e d ;  50 % b e in g  imbibed (normal )  w a te r ,  25$ bound by i o n s ,  hydrogen bonds 
o r  d i p o l e s  and 25$ s t r u c t u r e d  around n o n - p o la r  r e g i o n s  in  t h e
polymer ( 6 4 ,7 2 ) .  C o n ta c t  a n g l e  (73) and ESCA (74) measurements  o f  hydroge l  
s u r f a c e s  have i n d i c a t e d  t h a t  t h e  open s t r u c t u r e  o f  t h e s e  m a t e r i a l s  p e r m i t s  
t h e  s u r f a c e  h y d r o p h i l i c  pendan t  groups  t o  r e o r i e n t  e i t h e r  i n t o  t h e  b u lk  o f  
t h e  m a t e r i a l  i f  t h e  env i ronm ent  i s  hydrophobic  (eg .  a t  a hydroge l  /  a i r  o r  
hyd roge l  /  p a r a f f i n  i n t e r f a c e ) ,  o r  ou twards  i n t o  a h y d r o p h i l i c  env i ronm en t  
(such  as w a t e r ) .  The p e n e t r a t i o n  o f  f l u o r e s c e i n - l a b e l l e d  d e x t r a n s ,  serum 
albumin and lysozome i n t o  h y d r o g e l s  has been d em ons t ra ted  (75 ) .
As e x p e c te d ,  t h e  l e v e l  o f  p r o t e i n  a d s o r p t i o n  t o  h y d r o g e l s  i s  lower t h a n  f o r
hydrophob ic  po lym ers ,  a h ig h  d eg ree  (40$ f o r  f i b r i n o g e n  on pHEMA) o f
r e v e r s i b i l i t y  hav ing  been r e p o r t e d ,  and l i t t l e  d e n a t u r a t i o n  ( 4 3 , 7 1 ) .  Ra tner  
e t  a l  (76) have s t u d i e d  t h e  l e v e l  o f  adhes ion  o f  embryonic c h i c k  muscle  c e l l s  
t o  a v a r i e t y  of  m a t e r i a l s ,  w i th  pHEMA-grafted s i l a s t i c  h av in g  t h e  lo w e s t  
v a l u e ,  h a l f  o f  t h a t  o f  s i l a s t i c  i t s e l f  and o n e - e i g t h  t h a t  o f  p o l y s t y r e n e .  
However, c o n t r a r y  t o  t h e  argument o u t l i n e d  above ,  o f  t h e  h y d r o g e l s  s t u d i e d ,  
t h e  g r e a t e s t  c e l l  adhes ion  was found on t h e  m a t e r i a l  w i th  t h e  h i g h e s t  w a te r  
c o n t e n t .  More r e c e n t  in  vivo work by th e  same a u t h o r s  (77) has  shown t h a t  in 
f lo w in g  b lood ,  under low s h e a r  c o n d i t i o n s  ("vena cava"  t e s t )  t h e  amount o f  
thrombus ad h e r in g  to t h e  hydroge l  was i n v e r s e l y  r e l a t e d  to  t h e  w a te r  c o n t e n t  
o f  the  m a t e r i a l .  In a baboon a r t e r i o v e n o u s  shunt  (h igh  s h e a r )  however,  t h e  
thromboembol ic p l a t e l e t  consumption was p r o p o r t i o n a l  to  t h e  w a te r  c o n t e n t  o f
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th e  h y d r o g e l .  The a u t h o r s  conc lude  t h a t  p r e v io u s  arguments  l i n k i n g  b lood
\
c o m p a t i b i l i t y  w i th  w a te r  c o n t e n t  a r e  n o t  v a l i d  and i n s t e a d  p o i n t  t o  t h e  
b a l a n c e  o f  h y d r o p h i l i c  and hydrophobic  groups w i t h i n  t h e  polymer a s  an 
im p o r t a n t  p a r a m e te r .
[ 2 . 3 ]  THEORIES OF INTERACTION
Much b a s i c  r e s e a r c h  i n t o  b i o c o m p a t i b i l i t y  has  been d i r e c t e d  a t  i d e n t i f y i n g  
th o s e  c h a r a c t e r i s t i c s  o f  t h e  im p la n t  s u r f a c e  which de te rm in e  t h e  r e a c t i o n  o f  
t h e  p r o t e i n s  and c e l l u l a r  e l em en t s  t o  i t .  C o n d u c t iv i t y  e f f e c t s  ( r e l a t e d  to  
t h e  s e m i c o n d u c t i v i t y  of  p r o t e i n s )  have been proposed  as i m p o r t a n t  (78-81)  and 
as an e x p l a n a t i o n  o f  the  e x c e l l e n t  t h ro m b o re s i s t a n c e  o f  p y r o l i t i c  c a rb o n .  
The p h y s i c a l  roughness  o f  t h e  im p la n t  s u r f a c e  h a s  been shown t o  be a f a c t o r  
i n  c l o t  f o rm a t io n  ( 2 3 , 77),  an e f f e c t  p u t  t o  good use i n  t h e  p r o v i s i o n  o f  a 
v e lo u r  on a r t i f i c i a l  c a t h e t e r s  t o  encourage  n e o - in t im a  fo rm a t io n  (8 2 ) .
The most d u r a b l e  and w id e ly -q u o te d  c o r r e l a t i o n  has  been t h a t  between 
th rombogen ic  t e n d en cy  and a pa ram e te r  r e l a t i n g  t o  th e  s u r f a c e  ene rgy  o f  t h e  
b i o m a t e r i a l .  In 1930 Neubauer and Lampert ,  w h i le  e x p e r im e n t in g  w i th  c o a t i n g s  
f o r  b lood  s t o r a g e  v e s s e l s ,  n o te d  t h a t  t h e  c l o t t i n g  t ime was r e l a t e d  to  t h e  
w a te r  c o n t a c t  a n g l e  on t h e  i n s i d e  s u r f a c e  o f  t h e  b o t t l e  (83) ( i e .  h i g h e r  
energy  s u r f a c e s  were more th rom bogen ic ) .  The c o r r e l a t i o n  between 
thrombogen ic  t e ndency  and c r i t i c a l  s u r f a c e  t e n s i o n  ( s e e
[ 2 . 5 2 ] ,  v i ) )  ( 2 8 ,5 1 ,8 4 - 8 6 )  o r  s u r f a c e  energy  (87 ,88)  has  s i n c e  been r e p o r t e d  
many t i m e s .  V a r i a t i o n s  on t h i s  theme e x i s t ,  such as t h e  o b s e r v a t i o n  by B a ie r  
t h a t  t h e  most b lo o d - c o m p a t i b l e  s u r f a c e s  have s u r f a c e  t e n s i o n  v a l u e s  i n  t h e  
25±5 mN/m ra n g e  ( 2 4 , 3 3 , 8 9 ) ,  o r  t h e  po p u la r  t h e o r y  o f  t h e  b lood  
c o m p a t i b i l i t y  o f  h y d r o g e l s ,  t h a t  t h e  i n t e r f a c i a l  t e n s i o n  between t h e  im p la n t
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s u r f a c e  and b lood  i s  minimised  ( 9 0 , 9 1 ) .  These t y p e s  o f  c o r r e l a t i o n s  a r e  
s u p p o r t e d  by thermodynamic t r e a t m e n t s  o f  th e  p r o t e i n  a d s o r p t i o n  
p r o c e s s  ( 4 1 , 8 7 , 9 2 , 9 3 ) ,  however,  im p o r t a n t  e x c e p t i o n s  e x i s t  (77 ) .
Much work has gone i n t o  t h e  r e p l i c a t i o n  o f  t h e  t h r o m b o r e s i s t a n c e  o f  t h e  
n a t u r a l  b lood v e s s e l  w a l l  (94) by the  p r o v i s i o n  o f  n e g a t i v e  charges  on t h e  
polymer s u r f a c e  (9 5 ) .  T h e o r e t i c a l  t r e a t m e n t s  o f  a d s o r p t i o n  from 
blood (4 1 ,4 6 ,8 7 )  i n d i c a t e  t h a t  e l e c t r o s t a t i c  r e p u l s i o n  e f f e c t s  between t h e  
n e g a t i v e  s u r f a c e  groups  and t h e  n e g a t i v e l y  charged p l a t e l e t s  would i n h i b i t
t h e i r  a d h e s io n ,  however t h e  i n t r o d u c t i o n  o f  c a rb o x y l  groups o n to  t h e  polymer 
s u r f a c e  has  n o t  provan t o  be t h e  comple te  s o l u t i o n  ( 7 7 , 8 8 , 9 6 ) .  I t  would 
appea r  from a s tu d y  of  commercial  p o ly ion  complexes t h a t  a b a l a n c e  o f  
p o s i t i v e  and n e g a t i v e  charges  i s  op t im a l  ( 13).
A s s o c i a t e d  w i th  ch a rg e  b a lan ce  i s  t h e  q u e s t i o n  o f  t h e  b a l a n c e  o f  h y d r o p h i l i c  
and hydrophobic  groups  in  t h e  polymer s u r f a c e .  These p a r a m e te r s  a r e  l i k e l y  
t o  a f f e c t  t h e  s t r u c t u r e  o f  th e  i n t e r f a c i a l  w a te r  l a y e r  a t  t h e  polymer
s u r f a c e ,  and arguments based upon w a te r  s t r u c t u r i n g  e f f e c t s  have been 
employed in t h e  d i s c u s s i o n  o f  th e  t h r o m b o r e s i s t a n c e  o f  copo ly  (HEMA-EMA) (77) 
and h y d r o p h i l i c - h y d r o p h o b ic  m icrophase  s e p a r a t e d  pMMA-pHEMA and 
polystyrene-pHEMA b lock  copolymers  (9 7 ,9 8 ) .
Three a r e a s  o f  i n t e r e s t  t o  t h e  b i o m a t e r i a l s  s c i e n t i s t  emerge from t h e  
p r e c e e d in g  c o n s i d e r a t i o n  o f  t h e  s u r f a c e  c h e m is t r y  o f  b io m e d ic a l  po lymers :
i )  The b a l a n c e  o f  h y d r o p h i l i c  and hydrophobic  groups  in  t h e  polymer
s u r f a c e .  I t  i s  expec ted  t h a t  t h i s  b a l a n c e  w i l l  a f f e c t  t h e  m a t e r i a l ’ s 
s u r f a c e  e n e rg y ,  i t s  w a te r  u p ta k e  and t h e  w a te r  s t r u c t u r i n g  which i t
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in d u c e s ,  f a c t o r s  which might  be im p o r ta n t  i n  t h e  promot ion  o f  a s t a b l e ,  
non- th rom bogenic  i n t e r f a c e  w i th  b lood .
i i )  The b a l a n c e  o f  c h a rg e - fo rm in g  groups and t h e i r  d e n s i t y  i n  t h e  
s u r f a c e .  These groups  (eg .  c a r b o x y l i c  a c i d ,  d im e th y l  amino) may a l s o  
have h y d r o p h i l i c  /  hydrophobic  c h a r a c t e r  a s s o c i a t e d  w i th  them and w i l l  
a l s o  a f f e c t  t h e  p a r a m e te r s  l i s t e d  under i ) .  In a d d i t i o n  a d e g re e  o f  
s e l e c t i v i t y  in  t h e  ion  u p ta k e  from s o l u t i o n  should  be ' e f f e c t e d ;  l e a d i n g  
t o :
+ + 2+ 2+
i i i )  The p r o v i s i o n  o f  a c o u n t e r - i o n  (Na , K , Ca Mg , e t c . )  in  t h e  
polymer m a t r ix  by p r e - e q u i l i b r a t i o n  o f  an i o n i c  polymer w i th  a s o l u t i o n  
o f  the  i o n ,  a t  an a p p r o p r i a t e  pH.
The r e s e a r c h  p h i lo s o p h y  of  th e  L iv e rp o o l  U n i v e r s i t y  /  ICI  J o i n t  L a b o r a to r y
I
b i o m a t e r i a l s  group in  p a r t i c u l a r  has  r e f l e c t e d  t h i s  a n a l y s i s  o f  t h e  b a s i c  
v a r i a b l e s  in  t h e  d e s ig n  o f  im p lan t  m a t e r i a l s .  As p a r t  o f  a b road  programme 
o f  b i o m a t e r i a l s  development ( s e e  F ig .  2 . 3 )  ( 99 -106 ) ,  t h e  s y n t h e s i s  and 
t e s t i n g  o f  a s e r i e s  o f  a c r y l i c  copolymers  (107) was under taken  t o  i n v e s t i g a t e  
t h e  e f f e c t s  o f  t h e  p a r a m e te r s  l i s t e d  in i )  -  i i i )  above on in  v ivo  and in  
v i t r o  b i o c o m p a t i b i l i t y  (108) .  The p r e s e n t  work a r i s e s  from an a s s o c i a t i o n  
w i th  t h i s  group by  means o f  a CASE s t u d e n t s h i p .
[ 2 .4 ]  AN APPROACH TO THE TISSUE /  SYNTHETIC MATERIAL INTERFACE
A p r o s t h e t i c  d e v i c e  i s  r e q u i r e d  to  r e p l a c e  body t i s s u e  t o  e l i c i t ,  a t  w o r s t ,  
a p a s s iv e  t i s s u e  r e s p o n s e  and i d e a l l y  a degree  o f  p h y s i c a l  bonding w i th  i t  t o  
f a c i l i t a t e  f i r m  ancho rage .  With r e s p e c t  t o  t h e  c h o i c e  o f  a s u i t a b l e
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F i g .  2 . 3  O u t l i n e  o f  t h e  b i o m a t e r i a l s  r e s e a r c h  programme,
L i v e r p o o l  U n i v e r s i t y  /  ICI  j o i n t  l a b o r a t o r y ,
1975 -  1980
b i o m a t e r i a l ,  t h e r e f o r e ,  i t  i s  a p p r o p r i a t e  t o  c o n s i d e r  c o n n e c t i v e  t i s s u e  from 
th e  m a t e r i a l s  s t a n d p o i n t  ( 1 0 9 ,1 1 0 ) .
C o nnec t ive  t i s s u e  c o n s i s t s  m o s t l y  o f  r e l a t i v e l y  h y d ro p h o b ic  c o l l a g e n  f i b r e  
b u n d le s  a l i g n e d  a lo n g  t h e  m a jo r  axes  o f  s t r e s s  ( 1 1 1 , 1 1 2 ) ,  cem ented  by a 
h y d r o g e l - l i k e  ’’ground s u b s t a n c e ” c o n s i s t i n g  o f  cha rged  p r o t e o g l y c a n s  and 
c e l l s  c o n s i s t i n g  o f  about  807’ w a te r  (1 1 3 ) .  The b i o m a t e r i a l  w i l l  a l s o  be
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exposed to  e x t r a c e l l u l a r  f l u i d ,  c o n t a i n i n g  io n s  (eg .  Na+ K+ , Mg^+ , Ca^+ ,
— O _  _
Cl , PO, , CO * , HCO ),  l i p i d s ,  which a re  hydrophobic  o r  am p h ip a th i c ,  and 
4 3 3
s o l u b l e  p r o t e i n s .  These p r o t e i n s  have a b a l a n c e  o f  h y d r o p h i l i c  and 
hydrophobic  r e s i d u e s  and u s u a l l y  a s l i g h t  an ion  e x c e s s  which g iv e s  them a n e t  
n e g a t i v e  s u r f a c e  c h a rg e  a t  pH 7 . 4 .  The conformat ion  o f  t h e s e  p r o t e i n s  can be
a f f e c t e d  by changes i n  osm ot ic  p r e s s u r e ,  pH and i o n i c i t y  in  t h e i r
env i ronm en t .
• I t  i s  n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  th e  simple f u n c t i o n a l i t y  o f  th e  im p la n t  
s u r f a c e s  u s u a l l y  employed (eg .  hydrophob ic ,  o r  b e a r i n g  a s i n g l e  c h a rg e  ty p e )  
does n o t  r e s u l t  in op t im a l  i n t e r a c t i o n s  a t  t h e  i n t e r f a c e  w i th  t h e  complex,  
m a in ly  h y d r o p h i l i c  b i o l o g i c a l  envi ronment o u t l i n e d  above.
Bear ing  t h e s e  arguments  i n  mind,  i t  was dec ided  by th e  s p o n s o r s  o f  t h i s  work
t o  s y n t h e s i s e  a s e t  o f  polymers  in  which th e  b a l a n c e  o f  h y d r o p h i l i c  and
hydrophobic groups  (analogous  t o  osmot ic p r e s s u re  c o n t r o l ) ,  i o n i c  ch a rg e  
(analogous  t o  pH) and c o u n t e r  c a t i o n  (on those  polymers  b e a r i n g  c a r b o x y l i c  
a c i d  g roups ,  be in g  analogous  t o  i o n i c i t y )  would be c o n t r o l l e d  a t  t h e  polymer 
s u r f a c e  ( see  [ 4 . 1 ]  f o r  d e t a i l s  o f  th e  polymer s y n t h e s i s ) .  The e f f e c t s  o f  
t h e s e  p a r a m e te r s  have been i n v e s t i g a t e d  s i n g l y  and in com bina t ion  by in v ivo
and in v i t r o  t e s t i n g ,  w i th  t h e  aim o f  i d e n t i f y i n g  th o s e  p a r a m e t e r s  most
i n f l u e n t i a l  in d e t e r m in i n g  b i o c o m p a t i b i l i t y .  The p r e s e n t  work r e p r e s e n t s  a
s t u d y ,  in  p a r a l l e l ,  o f  t h e  i n t e r a c t i o n  o f  such s u r f a c e s  w i th  model
env i ronm ents  by means o f  s u r f a c e  s e n s i t i v e  a n a l y t i c a l  t e c h n i q u e s .
37
[ 2 .5 ]  THE STUDY OF SURFACE PHENOMENA
[2 .5 1 ]  THE BIOMATERIALS PROBLEM
To a c h i e v e  a more b a s i c  u n d e r s t a n d i n g  o f  t h e  i n t e r f a c i a l  phenomena in v o lv ed  
i t  i s  n e c e s s a r y  t o  probe t h e  c h e m is t r y  o f  t h e  i n t e r f a c e  i t s e l f  and hence t o  
ga in  some knowledge a t  t h e  m o l e c u la r  l e v e l  o f  t h e  i n t e r a c t i o n s  between t h e s e  
model polymers  and t h e  p h y s i o l o g i c a l  env i ronm en t .  A t e c h n iq u e  was sough t  
which ,  in  c o n j u n c t i o n  wi th  o t h e r  e s t a b l i s h e d  methods r e l a t i n g  t o  t h e  
c h a r a c t e r i s a t i o n  o f  s u r f a c e s  (such as  c o n t a c t  a n g le  and s u r f a c e  ch a rg e  
m easurem en ts ) ,  would a l l o w  t h e  c h e m is t r y  o f  t h e  p h y s i o l o g i c a l  /  s y n t h e t i c  
polymer i n t e r f a c e  t o  be probed d i r e c t l y .
[ 2 .5 2 ]  TECHNIQUES AVAILABLE
i )  O p t i c a l  microscopy (114) .  The exam ina t ion  o f  h i s t o l o g i c a l  s e c t i o n s  (115) 
i s  a w idesp read  t e c h n i q u e  f o r  t h e  i n s p e c t i o n  o f  samples ex v i v o , and a s e r i e s  
o f  s t a i n i n g  p ro c e d u re s  has  been developed  to  d i s t i n g u i s h  t h e  chem ica l
e n t i t i e s  p r e s e n t  (1 1 6 ) .  The s u r f a c e  morphology of  samples  may a l s o  be
i n s p e c t e d  by t h i s  t e c h n i q u e  a l th o u g h  r e s o l u t i o n  and dep th  o f  f i e l d  a r e  
l i m i t e d  in comparison wi th  e l e c t r o n  microscopy .  C e l l u l a r  e l e m e n t s  a r e
r e a d i l y  o b s e r v a b l e ,  however,  and l i g h t  microscopy p r o v id e s  a c o n v e n i e n t  
method o f  m o n i to r in g  t h e i r  b eh av io u r  on s u r f a c e s  (1 0 7 ,1 1 7 ) .
i i )  Scanning  E l e c t r o n  Microscopy (118 ) .  This  t e c h n i q u e  h a s  been used  t o  
c h a r a c t e r i s e  t h e  s u r f a c e  topog raphy  of  b i o m a t e r i a l s  (67) and to  view t h e i r  
c o n d i t i o n  ex vivo (119) .  SEM has  a l s o  been used to  s tu d y  t h e  a d s o r p t i o n  
k i n e t i c s  o f  f i b r i n o g e n  to  mica by t h e  d i r e c t  o b s e r v a t i o n  o f  t h e  f i b r i n o g e n
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t r i a d s ,  w i th  t h e  c o n c l u s i o n  t h a t  i t  i s  d i f f u s i o n  c o n t r o l l e d  (120) .
i i i )  X - ray  P h o t o e l e c t r o n  Spec t ro scopy  (XPS) (121) .  Also known a s  E l e c t r o n
S pec t roscopy  f o r  Chemical  A n a ly s i s  (ESCA), t h i s  t e c h n iq u e  has  proven u s e f u l  
in  t h e  s t u d y  of  b i o l o g i c a l  m a t e r i a l s  (122) ,  i n c l u d i n g  amino a c i d s ,  d i p e p t i d e s  
and p o l y p e p t i d e s  (123) ,  p r o t e i n s  (124-127) ,  b a c t e r i a  (128) and 
e r y t h r o c y t e s  (129) .
In  t h e  b i o m a t e r i a l s  f i e l d ,  t h e  use  o f  XPS has been c o n f in e d  to  t h e  
i n v e s t i g a t i o n  o f  t h e  b i o m a t e r i a l  s u r f a c e  (22 ,6 7 ,1 3 0 )  ( t h e  dep th  r e s o l u t i o n  o f  
XPS b e in g  in  t h e  o r d e r  o f  n a n o m e te r s ) .  The s tu d y  o f  t h e  e f f e c t  o f
p r e p a r a t i o n  t e c h n i q u e  on t h e  s u r f a c e  com pos i t ion  o f  p o l y u r e t h a n e s  (1 3 1 ,1 3 2 ) ,  
t h e  monomer com pos i t ion  o f  p(HEMA/EMA) h y d ro g e l s  (133) and t h e  e f f e c t  o f  
d e h y d r a t i o n  on t h e s e  m a t e r i a l s  when g r a f t e d  to  S i l a s t i c  (75) a r e  examples o f  
t h i s  t y p e  o f  a p p l i c a t i o n .  Use o f  t h e  chem ica l  s h i f t  e f f e c t  has  p ro v id ed  a 
c o r r e l a t i o n  between thomboembolic p l a t e l e t  consumpt ion  and th e  p e r c e n t a g e  o f  
s u r f a c e  ca rbon  atoms n o t  forming carbon t o  oxygen bonds fo r  a s e r i e s  o f  
p o l y u r e t h a n e s  (131) .
The XPS t e c h n iq u e  w i l l  be d i s c u s s e d  in g r e a t e r  dep th  in  t h e  n e x t  c h a p t e r .
i v )  E l l i p s o m e t r y . E l l i p s o m e t r y  i s  based  on e v a l u a t i n g  t h e  change  in  t h e
s t a t e  o f  p o l a r i s a t i o n  o f  a r e f l e c t e d  beam of  l i g h t  in t e rm s  o f  t h e  r e l a t i v e
am pl i tude  o f  t h e  p a r a l l e l  and p e r p e n d i c u l a r  components and t h e  phase 
d i f f e r e n c e  between them (4 2 ) .  In p r i n c i p l e ,  w i th  a com ple te  knowledge o f  t h e  
s t a t e  o f  p o l a r i s a t i o n  o f  t h e  i n c i d e n t  and r e f l e c t e d  beams, t h e  r e f r a c t i v e  
index and t h i c k n e s s  o f  a l a y e r  c o v e r i n g  th e  r e f l e c t i n g  s u b s t r a t e  can be 
d e te rm in e d .  This  need fo r  a r e f l e c t i n g ,  f l a t  s u b s t r a t e  r e s u l t s  in  t h e
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a d s o r p t i o n  o f  p r o t e i n s  t o  s i l i c a ,  and n o t  po lym ers ,  b e in g  g e n e r a l l y  s t u d i e d ,
*
t h e  measured t h i c k n e s s  b e i n g  in t h e  r e g i o n  o f  1-2 monolayers  (1 3 4 ,1 3 5 ) .  The 
c o n f o r m a t io n a l  changes d u r in g  th e  a d s o r p t i o n  o f  y - g l o b u l i n  have  a l s o  been 
e v a l u a t e d  by t h i s  method ( 30) .
v) I n f r a - r e d  S pec t ro scopy  (136) .  The v i b r a t i o n a l  f r e q u e n c i e s  o f  t h e  bonds in
o r g a n ic  m o lecu le s  l i e  i n  t h e  i n f r a - r e d ,  so t h a t  an a b s o r p t i o n  spec t rum  in  t h e
-1
re g io n  450-3000 cm c o n t a i n s  a g r e a t  d e a l  o f  s t r u c t u r a l  i n f o r m a t i o n .  By 
bouncing  th e  beam th rough  a m u l t i p l e  i n t e r n a l  r e f l e c t i o n  e lem en t  o n to  which 
t h e  sample i s  p r e s s e d ,  a beam p e n e t r a t i o n  dep th  in  t h e  o r d e r  o f  1um i s  
p o s s i b l e  (137 ) .  Q u a n t i f i c a t i o n  i s  com p l ic a te d  and e r r o r s  may a r i s e  due t o  
poor sample c o n t a c t  o r  beam p o l a r i s a t i o n ,  however c o m p u t e r - a s s i s t e d  F o u r i e r  
Transform I n f r a - r e d  S pec t ro scopy  g ives  a s u p e r i o r  s i g n a l - t o - n o i s e  r a t i o  and 
a l lo w s  th e  s p e c t r a  t o  be m a n ip u la t e d  ( 6 7 , 138) .
An example o f  th e  u s e  o f  m u l t i p l e  i n t e r n a l  r e f l e c t i o n  i n f r a - r e d  s p e c t r o s c o p y
(MIR-IR) i s  t h e  s tu d y  o f  t h e  e f f e c t  o f  c a s t i n g  p r o c e s s  on t h e  s u r f a c e
c o n c e n t r a t i o n s  o f  th e  "ha rd"  and " s o f t ” segments  o f  a p o l y u r e t h a n e  ( 139) .
Much o f  t h e  work on p r o t e i n  a d s o r p t i o n  has  been performed by f o l l o w i n g  th e
a d s o r p t i o n  o n to  t h e  r e f l e c t i o n  e lement i t s e l f ,  u s u a l l y  a germanium
-1
c r y s t a l  ( 2 4 ,2 5 , 1 4 0 ) .  The am ide- I  band a t  ^1 650cm i s  used  to  q u a n t i f y  t h e  
p r o t e i n ,  and D2O s o l v e n t  has  been used to  avo id  s u p e r p o s in g  w a te r  
bands  (141) .  C a re fu l  i n s p e c t i o n  o f  t h e  s p e c t r a  o b ta in e d  can g iv e  an 
i n d i c a t i o n  o f  c o n fo rm a t io n a l  changes  ( 3 4 ,1 4 1 ,1 4 2 ) .
A l t e r n a t i v e l y  p r o t e i n  may be adsorbed  to  poymer sam ples ,  which a r e  c a r e f u l l y  
t r a n s f e r r e d  to  t h e  s p e c t r o m e t e r  f o r  a n a l y s i s  ( 3 4 , 3 8 ) .  F o u r i e r  t r a n s f o r m  
t e c h n iq u e s  have  been used to  a s s i g n  a - h e l i c a l ,  random c o i l  o r  3- h e l i c a l
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con fo rm a t ion  t o  albumin and y - g l o b u l i n  adsorbed  to  p o l y e t h y l e n e  u s in g  t h e  
am ide- I  band (143 ) ,  and in a n o t h e r  a n a l y s i s  o f  f i b r i n o g e n  adsorbed  to  a 
segmented p o l y u r e t h a n e ,  a r e v e r s i b l e  a s s o c i a t i o n  between t h e  a ro m a t ic  
( " h a r d ” ) segments o f  t h e  polymer and t h e  p r o t e i n  p e p t i d e  bonds was
i n d i c a t e d  (142) .
v i ) C o n ta c t  Angle (144) .  When a d rop  o f  l i q u i d  r e s i d e s  on a f l a t ,
homogeneous,  non -de fo rm a b le  s u r f a c e  (145) ,  t h e  a n g le  made by th e  edge o f  t h e
d rop  t o  t h e  s u r f a c e  i s  given i n  t e rm s  o f  th e  t h r e e  i n t e r f a c i a l  t e n s i o n s  by
t h e  Young-Dupree e q u a t io n  ( s e e  F ig .  2 . 4 a ) .  I f  a s e r i e s  o f  measurements o f
t h i s  c o n t a c t  ang le  a r e  made w i th  a homologous s e r i e s  o f  l i q u i d s ,  a p l o t  o f
cosG vs y , . . , w i l l  approx im ate  t o  a s t r a i g h t  l i n e ,  t h e  i n t e r c e p t  o f  whichl i q u i d
w i th  cos© = 1 g ives  y , t h e  " c r i t i c a l  s u r f a c e  t e n s i o n "  fo r  t h e  s o l i d  (146)
( see  F i g .  2 . 4 b ) ,  a pa ram e te r  which has  been c o r r e l a t e d  w i th  t h r o m b o g e n ic i t y
( s e e  [ 2 . 3 3 ) .  The work o f  adhes ion  o f  t h e  s o l i d  wi th  a l i q u i d  o f  t h i s  s u r f a c e  
energy  i s  e q u a l  to  t h e  work o f  co h e s io n  o f  t h e  l i q u i d  i t s e l f ,  i . e .  t h e  
i n t e r f a c e  e f f e c t i v e l y  d i s a p p e a r s .
By u s in g  s p e c i f i c  l i q u i d s  and an a p p r o p r i a t e  m a them a t ic a l  t r e a t m e n t ,  c o n t a c t  
ang le  d a t a  may be used  to  y i e l d  t h e  d i s p e r s i v e  and p o l a r  components o f  th e  
s u r f a c e  t e n s i o n  (9 2 ,1 4 7 ) ,  t h e  work o f  adhes ion  (8 9 ) ,  t h e  f r e e  ene rgy  o f  
ad h e s io n  (89 ,91 )  and s u r f a c e  energy  ( 8 7 , 8 9 ) .  Contac t  ang le  measurements  a r e  
open t o  e r r o r s  due t o  s u r f a c e  ro u g h n e s s ,  l i q u i d  p e n e t r a t i o n ,  s u b s t r a t e  
s w e l l i n g ,  and s o l u b i l i s a t i o n  and d e fo rm a t io n  o f  t h e  s u r f a c e  ( 6 7 ,1 4 8 , 1 4 9 ) .  
S p e c i a l  t e c h n iq u e s  f o r  t h e  s tu d y  o f  h y d ra te d  polymers have been deve loped  
whereby an o c tan e  d rop  i s  f l o a t e d  on to  t h e  u n d e r s id e  o f  th e  polymer sample 
which i s  immersed in w a te r  (1 4 9 ,1 5 0 ) .  Such s t u d i e s  on h y d r o g e l s  based  on 
pHEMA i n d i c a t e  t h a t  r e - o r i e n t a t i o n  o f  th e  h y d r o p h i l i c  pendan t  g roups  t a k e s
(a)
F i g .  2.
&sl
V = interfacial tension
liquid
vapour
solid
(b)
^sv = ^sl + ^lvcos0
CP
ooo
oJ
surface tension of liquid
\ (a)  F o r m u la t io n  o f  t h e  Young-Dupree e q u a t i o n  f o r  t h e  c o n t a c t
a n g l e  o f  a l i q u i d  drop on a s o l i d  s u r f a c e ,  (b) D e r i v a t i o n  o f
from 0 u s i n g  a s e r i e s  o f  l i q u i d s .
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p l a c e  depending  on whether  t h e  env i ronm en t  i s  h y d r o p h i l i c  o r  
hydrophobic  (9 0 ,1 5 0 ) .
C on tac t  a n g le  t e c h n i q u e s  have  been a p p l i e d  to adsorbed  p r o t e i n  l a y e r s ,  
i n d i c a t i n g  t h a t  a lbumin has  a r i g i d  con fo rm a t ion  whereas f i b r i n o g e n  changes  
con fo rm a t ion  t o  s u i t  t h e  env i ronm ent (151) .
v i i )  Zeta  P o t e n t i a l  Measurements (152) .  A f i n e  d i s p e r s i o n  o f  p a r t i c l e s  w i l l  
adso rb  to  an e x t e n t  dependen t  on t h e  e x a c t  n a t u r e  o f  t h e i r  s u r f a c e s ,  an 
ex ce ss  o f  e i t h e r  an io n s  o r  c a t i o n s  from an e l e c t r o l y t e  i n  which th e  
d i s p e r s i o n  i s  made. These im mobil is ed  cha rges  w i l l  be n e u t r a l i s e d  by a 
d i f f u s e  e x c e s s  o f  c o i n t e r - i o n s  in  t h e  immediate v i c i n i t y ,  w i th  a p o t e n t i a l  
d i f f e r e n c e  ( t h e  z e t a  p o t e n t i a l )  r e s u l t i n g .  I f  t h e  s u s p e n s io n  i s  s u b j e c t e d  to  
an a p p l i e d  e l e c t r i c  f i e l d  between two . e l e c t r o d e s , t h e  s u r f a c e  c h a rg e s  on t h e  
p a r t i c l e s  w i l i  c a u s e  them t o  move a t  a r a t e  de te rm ined  by t h e  oppos ing  
v i s c o m e t r i c  e f f e c t  o f  th e  e l e c t r o l y t e .  In a conmon a p p a r a t u s  f o r  e v a l u a t i n g  
t h i s  movement (153) ( termed t h e  " e l e c t r o p h o r e t i c  e f f e c t " ) ,  t h e  movement o f  
t h e  p a r t i c l e s  i s  observed th rough  a m ic roscope ,  and t h e  z e t a  p o t e n t i a l  i s  
c a l c u l a t e d .
Although t h e  z e t a  p o t e n t i a l  does n o t  p ro v id e  i n f o r m a t io n  about  t h e  s t r u c t u r e  
o f  the  e l e c t r i c a l  double  l a y e r  a t  t h e  p a r t i c l e  s u r f a c e  (beyond i t s  p o l a r i t y ) ,  
i t s  magni tude and d i r e c t i o n  a r e  p h y s i c a l l y  m e asu ra b le  q u a n t i t i e s  which  a r e  
dependen t  on both  t h e  n a t u r e  o f  t h e  p a r t i c l e  s u r f a c e  and t h e  e l e c t r o l y t e .  I t  
has  t h e r e f o r e  been a u s e f u l  t e c h n iq u e  in  t h e  i n v e s t i g a t i o n  o f  t h e  s u r f a c e s  o f  
b a c t e r i a  (154 ,155 )  and e r y t h r o c y t e s  (156) ,  and has been employed in t h e  s tu d y  
of  the  i n t e r a c t i o n s  o f  t h e  charged  polymers  d e s c r i b e d  in t h i s  work w i th  
e l e c t r o l y t e s  and p r o t e i n  s o l u t i o n s  (107 ) .
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v i i i )  R a d i o p r o b e s . A w id e ly  used t e c h n iq u e  fo r  s tu d y in g  t h e  k i n e t i c s  o f
125p r o t e i n  a d s o r p t i o n  in v o lv e s  t a g g i n g  t h e  p r o t e i n  w i th  I ,  a Y - e m i t t e r ,  t h e
q u a n t i t y  o f  p r o t e i n  adsorbed  be ing  de te rm ined  u s i n g  a
y - c o u n t e r  ( 3 7 , 5 8 , 7 0 , 1 5 7 ) .  The i o d i n e  monochlo r ide  method o f
r a d i o l a b e l l i n g  (158) i s  commonly used ,  and has been adap ted  f o r  l a b e l l i n g
p r o t e i n s  a l r e a d y  adsorbed  on to  a s u r f a c e ,  f o r  i d e n t i f i c a t i o n  on e l u t i o n  in
c o n j u n c t i o n  w i th  e l e c t r o p h o r e s i s  (159) .  T r i t i u m  has been employed to  l a b e l
f i b r i n o g e n  (160) (from the  gas)  and in c o r p o r a t e d  i n t o  c e l l u l a r  DNA as
3
H-thymidine (7 5 ) .
T y p i c a l  p r e p a r a t i o n s  o f  r a d i o l a b e l l e d  p r o t e i n  from commercial  s u p p l i e r s  
appeah t o  e x h i b i t  d i f f e r e n t  a d s o r p t i o n  behav iour  to  t h a t  o f  t h e  u n l a b e l l e d  
m a t e r i a l  (161) .  In i t s  l i k e l y  i n c o r p o r a t i o n  i n t o  t h e  p h e n o l i c  hy d ro x y l  group 
o f  t h e  t y r o s i n e  r e s i d u e  (35) t h e  i o d i n e  atom can change t h e  p r o p e r t i e s  o f  t h e  
p r o t e i n  (162 ) ,  however,  t h i s  e f f e c t  can be removed by p u r i f y i n g  t h e
p r o t e i n  ( 3 6 , 4 2 , 5 8 , 7 5 ) .  Other p o t e n t i a l  problems a s s o c i a t e d  w i th  t h e  u s e  o f
r a d i o l a b e l l e d  p r o t e i n s  i n c lu d e  t h e  d i s s o c i a t i o n  o f  th e  i o d i n e  atom from t h e
p r o t e i n  (1 6 3 ,1 6 4 ) ,  and th e  involvement o f  d e n a t u r e d  p r o t e i n  a t  a s o l u t i o n  /
a i r  i n t e r f a c e  (3 5 ,1 6 3 ) .
[2.533 X-RAY ■ PHOTOELECTRON SPECTROSCOPY
The s tu d y  o f  th e  i n t e r a c t i o n s  a t  t h e  i n t e r f a c e  between a s y n t h e t i c  polymer 
and th e  p h y s i o l o g i c a l  envi ronment r e q u i r e s  a t e c h n i q u e  which can p r o v id e  
chem ica l  i n f o r m a t i o n  from a very  smal l  sampl ing  d e p t h .  Energy d i s p e r s i v e  
a n a l y s i s  o f  X-rays  (165) p r o v id e s  i n f o r m a t io n  from a dep th  o f  'vlpm, however
an e l e c t r o n  beam i s  used to  e x c i t e  t h e  r a d i a t i o n ,  and may cause  damage t o
o r g a n ic  m a t e r i a l s .  In a d d i t i o n  t h e  t e c h n iq u e  has  low s e n s i t i v i t y  t o  t h e  more
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conrnon e l em en ts  in  b i o l o g i c a l  and po lym er ic  samples (ca rbon ,  n i t r o g e n  and
i
oxygen).  The sampl ing  dep th  o f  MIR-IR i s  in t h e  o r d e r  o f  a few m ic rons ,  too
g r e a t  t o  be a t r u l y  m ean in g fu l  measure o f  th e  i n t e r f a c e  c h e m is t r y .
XPS p r o v i d e s  a means o f  p rob ing  t h e  b i o l o g i c a l  i n t e r f a c e ,  hav ing  a sampl ing  
dep th  o f  a few nanom eters  and e x c e l l e n t  s e n s i t i v i t y  t o  t h e  most common 
e l e m e n t s .  The main drawback w i th  t h e  t e c h n i q u e  i s  t h e  need to  examine th e  
sample in  a h ig h  vacuum, so t h a t  t h e  h y d ra te d  i n t e r f a c e s  e x i s t i n g  in  v ivo  
canno t  be probed  d i r e c t l y .
Although XPS has  been employed in c o n j u n c t io n  w i th  s eco n d a ry  ion  mass
s p e c t ro s c o p y  in t h e  s tu d y  o f  t h e  s u r f a c e s  o f  commercial  b iom ed ica l  
polymers  ( 1 6 6 ,1 6 7 ) ,  i t  has  t o  d a t e  remained u n t r i e d  as a t o o l  f o r
i n v e s t i g a t i n g  th e  s y n t h e t i c  polymer /  t i s s u e  i n t e r f a c e  a t  t h e  m o le c u la r  
l e v e l .  In  view o f  the  im pact  made by XPS i n  th e  a r e a  o f  s u r f a c e  s c i e n c e ,  
e s p e c i a l l y  in  t h e  s t u d y  of  c a t a l y s i s  and c o r r o s i o n ,  i t  would seem a p p r o p r i a t e  
t o  e v a l u a t e  t h e  t e c h n i q u e  in  t h e  b i o m a t e r i a l s  f i e l d .
Thus t h e  o b j e c t  o f  t h i s  work was t o  i n t e r f a c e  t h e  XPS t e c h n i q u e  w i t h  t h e  
r e s e a r c h  o f  t h e  L i v e r p o o l  b i o m a t e r i a l s  group w i th  t h e  f o l l o w i n g  a ims:
i )  To s tu d y  d i r e c t l y  t h e  i n t e r a c t i o n s  between t h e  s u r f a c e  o f  t h e  
b i o m a t e r i a l  and i o n s  i n  s o l u t i o n ,  t o  ga in  an u n d e r s t a n d i n g  o f  t h e  e f f e c t  
o f  changing  t h e  s u r f a c e  p a r a m e te r s  o f  t h e  polymer (such  as  c h a r g e ,  e t c . )  
on the  n a t u r e  o f  t h e  b i o m a t e r i a l  /  s o l u t i o n  i n t e r f a c e .
i i )  To d ev e lo p  XPS a s  a t o o l  f o r  e v a l u a t i n g  th e  q u a n t i t y  o f  p r o t e i n  
a dso rbed  on to  a s u r f a c e .
i i i )  To compare XPS w i th  o t h e r  e s t a b l i s h e d  t e c h n iq u e s  in  t h e  a r e a  o f  
b i o m a t e r i a l s  r e s e a r c h ,  such as c o n t a c t  a n g le  measurement and th e  
e s t i m a t i o n  o f  adsorbed p r o t e i n  by r a d i o l a b e l l i n g .
The n ex t  c h a p t e r  d e a l s  w i th  XPS i n  d e t a i l ,  and i n d i c a t e s  t h e  problems posed 
in i t s  a p p l i c a t i o n  t o  b i o m a t e r i a l s  research- .
46
REFERENCES
1
1. I .  V/. Sherman and V.G.Sherman,  "Biology -  a Human Approach" ,  Oxford 
U n i v e r s i t y  P r e s s ,  New York,  1975 pp 247-263
2. J .H .G re e n ,  "An I n t r o d u c t i o n  t o  Human P h y s io lo g y " ,  Oxford U n i v e r s i t y  
P r e s s ,  London, 1972 pp 5-22
3. A .L .L e h i n g e r , " B io c h e m is t ry " ,  Worth P u b l i s h e r s  I n c . ,  New York,  1970 p 608
4.  F.W.Putnam, in  "The P r o t e i n s ,  Composit ion ,  S t r u c t u r e  and F u n c t i o n " ,  
H .N eura th ,  E d . ,  Academic P r e s s ,  New York, 1965 pp 153-267
5. L . L . M i l l e r  e t  a l . , i n  "Amino Acids and Serum P r o t e i n s " ,  Advances in  
Chemis try  S e r i e s  No. 44,  R .F .Gould ,  E d . ,  ACS, Washington D.C. ,  1964
6. M.W.Turner and B.Hulme, "The Plasma P r o t e i n s  -  an I n t r o d u c t i o n " ,  P i tman ,  
London, 1971
7.  A .L .L eh in g e r ,  " B io c h e m is t ry " ,  Worth P u b l i s h e r s  I n c  , New York,  1970 
pp 174-177
8. D.A.Olsen and H .D .K le t s c h k a , P ro g re s s  in  S u r f a c e  and Membrane S c ie n c e  £
331 (1973)
9. D. A.Olsen e t  a l .  , Minn Med 5_4 635 (1977)
10. G.V.R.Born and R ,M .H ard is ty ,  in  "Human Blood C o a g u la t i o n ,  Haem os tas i s  
and Thrombosis" ,  R.Biggs ,  E d . ,  B lackwel l  S c i e n t i f i c  P u b l i c a t i o n s ,  Oxford ,  
1972 pp 1-31
11. M .K .B e m et t  and W.A.Zisman, Fed Proc 30 (5) 1633 (1971 )
12. H .L .M i l l igan  e t  a l .  , J Biomed Mater Res 2 51 (1968)
13.. K.Kataoka and T . T s u r u t a ,  Makromol Chem 181 1363 (1980)
14. Y.Nemerson and F . A . P i t l i c k ,  in  " P ro g re s s  i n  Hemostas is  and Throm bosis" ,  
E.H S p a e t  Ed . ,  Grune and S t r a t t o n ,  New York, 1972 pp 1-37
47
15. R .G .MacFar lane , i n  "Human Blood C o a g u la t i o n ,  H aemosta s is  and
Thrombosi s" ,  R .Biggs ,  E d . ,  B lackw e l l  S c i e n t i f i c  P u b l i c a t i o n s ,  Oxford ,  1972 
PP 1-31
16. H.G.Spanos and J .F . H e c k e r ,  Anaesth  I n t e n s  Care 7 244 (1979)
17. F . A . P i t l i c k  e t  a l .  , J Biomed Mater  Res 3. 95 (1969)
18. T .H .S pae t  and M.B.Zucker,  Am J P h y s io l  2 06 ( 6) 1267 (19 64)
19. P.N.Sawyer e t  a l .  , T rans  Amer Soc A r t i f  I n t e r n  Organs J_0 316 (1964)
20. R .Ross ,  S c i e n t i f i c  American 220 40 (1969)
21.  J . B . P a r k ,  " B i o m a t e r i a l s  -  an I n t r o d u c t i o n " ,  Plenum P r e s s ,  New York, 1979
22.  C .Doyle,  PhD T h e s i s  U n i v e r s i t y  o f  S urrey ,  1980
23.  A.S.Hoffman,  in  " S c ien ce  and Technology of  Polymer P r o c e s s i n g " ,  N.P.Suh
and N-H.Sung, E d s . ,  MIT P r e s s ,  Cambridge,  M a s s a c h u s e t t s ,  1979, pp 200-262
24. R .E .B a i e r ,  i n  "Appl ied  Chemis try  a t  P r o t e i n  I n t e r f a c e s " ,  Advances in
Chem is t ry  S e r i e s  No. 145, ACS, Washington D.C.,  1975 pp 1-25
25. R .E .B a ie r  and R .C .D ut ton ,  J Biomed Mater  Res 3 191 (1969)
26.  R .E .B a ie r  and L .Weiss ,  i n  "Appl ied  Chem is try  a t  P r o t e i n  I n t e r f a c e s " ,
Advances i n  Chemis try  S e r i e s  No. 145, ACS, Washington D.C.,  1975 pp 300-307
27.  R .E .B a ie r  e t  a l . , Fed Proc ^0  (5) 1523 (1971)
28.  A.W.Neumann e t  a l .  , J  P o l  S c i  Pol  Symp 66 391 (1979)
29.  E.Nyil 'as  e t  a l .  , Trans  Amer Soc A r t i f  I n t e r n  Organs 20 480 (1974)
30.  I .O r e s k e s  and J .M .S i n g e r ,  J Immunol 86_ 338 (1961)
31 B .V/.Morrissey and C. A.Fenste rmaker  , Trans  Amer Soc A r t i f  I n t e r n  Organs
22 278 (1976)
32.  B.W.Morrissey and C.C.Han,  J Co l l  I  S c i  6_5 (3)  423 (1978)
33.  R . E .B a ie r ,  i n  "Adhesion in  B i o l o g i c a l  Sys tems" ,  R.S.Manly ,  E d . ,  Academic
P r e s s ,  New York,  1970 pp 15-48
34. B . J . F o n t a n a ,  in "The Chemis try  o f  B i o s u r f a c e s " ,  Vol 1, M .L .H air ,  Ed . ,
Marcel Dekker In c  , New York, 1971 pp 83-142
48
35. J .L .B r a s h  and D.J.Lyman,  J Biomed Mater Res 3 175 (1969)
36. J . L . B r a s h  and D.J.Lyman, in  "The Chemist ry  o f  B i o s u r f a c e s " , Vol 1,
M.L .Hair ,  E d . ,  Marcel  Dekker I n c . ,  New York,  1971 pp 177-232
37. W.H Gran t  and R .E .D ehl ,  Pol S c i  Tech 12B, L H.Lee,  Ed. Plenum P r e s s ,  
New York, 1980 pp 827-835
38. S.W.Kim and R.G.Lee,  i n  "Appl ied  Chemis try  a t  P r o t e i n  I n t e r f a c e s " ,  
R .E .B a ie r ,  E d . ,  Advances i n  Chemis try  S e r i e s  No. 145, ACS, Washington D.C.,  
1975 pp 218-229
39. R.G.Lee and S.W.Kim, J Biomed Mater  Res IB 251 (1974)
40. W .J .D il lman e t  a l .  , J Co l l  I  S c i  44 (2) 221 (1973)
41. W.Norde, P o l  S c i  Tech 12B^ L-H.Lee ,  E d . ,  Plenum P r e s s ,  New York,  1980
pp 801-825
42. H . L . F r i s c h  and R.Simha,  J.Chem Phys 58 507 (1954)
43.  P .K.Weathersby e t  a l . ,  J Bioeng _1_ .395 (1977)
44. T .A .H o rb e t t  e t  a l .  , J Bioeng _1_ 61 (1977)
45. W.Norde and J .L yklema ,  J Coll  I  S c i  7J. (2 ) 350 (1979)
46. W.Norde and J .L yk lem a ,  Co ls ton  Pap 29 11 (1978)
47. C.C.Bigelow, J T h e o re t  B io l  16_ 187 (1967)
48. G.Nemethy and H. A .S c h e ra g a , J Chem Phys 66 1773 (1962)
49. H .M argul ies  and N.W.Barker,  Amer J Med S c i  218 42 (1949)
50.  L .B .J aq u es  e t  a l .  , Can Med Ass J  55_ 26 (1946)
51.  J . L . B r a s h ,  Ann N.Y. Acad S c i  283 356 (1977)
52.  S.Kochwa e t  a l .  , J Immunol 99, (5) 981 (19670)
53. A.S Hoffman, J Biomed Mater  Res Symp No. 5 (1 ) 77 (1974)
54.  A.Ben-Naim, "Hydrophobic I n t e r a c t i o n s " , Plenum P r e s s ,  New York,  1980
pp 1-6
55.  S .N .L evine  J Biomed Mater  Res 3 83 (1969)
56.  L .K.James and L.G.Augen s t e i n ,  Advan Enzymol 2 8 1 (1966)
57.  C.W.N.Cumper and A.E. A le x a n d e r , Reviews o f  Pure and Applied Chemis try  
P u b l i s h e d  by t h e  Royal A u s t r a l i a n  Chemical  I n s t i t u t e  £  (3)  121 (1951)
58.  S . P . H a l b e r t  e t  a l .  , J Biomed Mater  Res £  549 (1970)
59.  J . L . B r a s h  e t  a l . , Trans  Amer Soc A r t i f  I n t e r n  Organs 20 69 (1974)
60.  F .M acR i tch ie ,  J Coll  I  S c i  38 (2)  484 (1972)
61. A.S.Hoffman and C . H a r r i s ,  Polym P re p r  £3 (2)  7 40 (1972)
62.  A.S.Hoffman and B .D .Ratne r ,  R a d i a t  Phys Chem £4 831 (1979)
6 3 . A.S.Hoffman e t  a l . , Coa t ings  and P l a s t i c s  P r e p r i n t s  _34 568 (1974)
64.  A.S.Hoffman,  Pol  S c i  Tech <8, R .L .K ronen tha l  e t  a l .  E ds . ,  Plenum P r e s s ,  
New York,  1975 pp 33-44
65. B .D .Ratne r  and A.S.Hoffman,  in "Hydroge ls  fo r  Medical  and R e la te d
A p p l i c a t i o n s " ,  J .D ,A ndrade ,  E d . ,  ACS Symposium S e r i e s  No. 31,  ACS, 
Washington D.C.,  1976 pp 1-36
66. J . P . F i s c h e r  e t  a l .  , J P o l  S c i  Pol  Symp 6_6 443 (1979)
67.  B .D .R a tne r  and A.S.Hoffman,  P o l  S c i  Tech £ ,  H .P .G regor ,  E d . ,  Plenum
P r e s s ,  New York,  1975 pp 159-171
68. B .D .R a tn e r ,  J Biomed Mater Res £4  665 (1980)
69.  O .W ich te r l e  and D.Lim, Nature 185 117 (1960)
70. A.S.Hoffman e t  a l . , Ann N.Y. Acad S c i  283 372 (1977)
71. T .A .H o rb e t t  and A.S.Hoffman,  in  "Appl ied  Chemis try  a t  P r o t e i n  
I n t e r f a c e s " ,  R.E B a i e r ,  E d . ,  Advances in  Chem is try S e r i e s  No. 145, ACS,
Washington D.C.,  1975 pp 230-254
72. M.S.Jhon and J .D .A ndrade ,  J Biomed Mater  Res 7 509 (1973)
73.  F . J . H o l l y  and M .F .Refo jo ,  J Biomed Mater Res £  315 (1975)
74. B .D .Ratne r  e t  a l .  , J Appl Pol  Sc i  22 643 (1978)
75. M.F .Refo jo  and F-L.Leong ,  J Po l  S c i  Po l  Symp 6_6 227 (1979)
76.  B .D .Ratne r  e t  a l .  , J Biomed Mater  Res £  407 (1975)
77.  B .D .Ratne r  e t  a l .  , J P o l  S c i  Pol  Symp 66 363 (1979)
50
78.  D.D.Eley and D. I . S p i v e y ,  T rans  Faraday  Soc 5_6 1432 (1960)
i
79.  S .D.Bruck ,  Ann N.Y. Acad S c i  2_83 332 (1977)
80.  S .D.Bruck,  J Biomed Mater Res Symp No.8 1 (1977)
81. S .D .Bruck,  Polymer £6  409 (1975)
82. R . E .B a ie r ,  B u l l  N.Y. Acad Med 48 (2)  257 (1972)
83.  0 . Neubauer and H.Lampert ,  Munchener M ed iz in i sche  W o ch e n sc h r i f t  77 582
(1930)
84.  T.J .Donovan and B.Zimmermann, Blood 4_ 1310 (1949)
85.  J .C .R ose  and H .P .B ro id a ,  Proc Soc Exp B io l  Med <86 384 (1954)
86.  A.W.Neumann e t  a l . ,  J Biomed Mater Res J_4 499 (1980)
87. S. N.Levine,  J Biomed Mater Res 3 83 (1969)
88.  D.J.Lyman e t  a l . , Trans  Amer Soc A r t i f  I n t e r n  Organs jM 301 (1965)
89. R .E .B a ie r ,  i n  "A dso rp t ion  o f  Microorgan isms t o  S u r f a c e s " ,  G .B i t t o n  and
K .C .M a rsh a l l ,  Eds . , . W i l e y - I n t e r s c i e n c e . New York,  1980
90. J .D .A ndrade ,  Med In s t rum  7 110 (1973)
91. F . J . H o l l y ,  J P o l  S c i  Pol  Symp 66 409 (1979)
92. A.W.Neumann e t  a l ,  J Biomed Mater  Res £  127 (1975)
93.  D.H.Kaelbe,  Polymer £8 475 (1977)
94. P.N.Sawyer e t  a l . ,  Trans Amer Soc A r t i f  I n t e r n  Organs J_0 316 (1964)
95.  P.V.Mjrphy e t  a l .  , J Biomed Mater Res Symp £  59 (1971)
96.  H .L .M i l l ig an  e t  a l .  , J Biomed Mater  Res 2 51 (1968)
97. T.Nakashima e t  a l . ,  J Biomed Mater  Res JM 787 (1977)
98. A.Baszkin and D.J.Lyman,  J Biomed Mater Res 1_4 393 (1980)
99. D .K .G i ld ing  e t  a l . , B i o m a t e r i a l s  £  145 (1980)
100. G.F .Green ,  PhD T h e s i s ,  U n i v e r s i t y  o f  L i v e r p o o l ,  1979
101. J .P .W atson ,  PhD T h e s i s ,  U n i v e r s i t y  o f  L i v e r p o o l ,  1981
102. A.M.Reed, PhD T h e s i s ,  U n i v e r s i t y  o f  L i v e r p o o l ,  1978
103. D .K .G i ld ing  and A.M.Reed, Polymer 20 1454 (1979)
104. A.M.Reed and D .K .G i ld ing ,  Polymer 22 499 (1981)
105. D .K .G i ld ing  and A.M.Reed, Polymer 20 1459 (1979)
106. A.M.Reed and D .K .G i ld ing ,  Polymer 2_2 494 (1981 )
107. I . N . A s k i l l ,  PhD T h e s i s ,  U n i v e r s i t y  o f  L i v e rp o o l ,  1981
108. C . I v e s ,  PhD T h e s i s ,  U n i v e r s i t y  o f  L i v e r p o o l ,  1981
109. D .K .G i ld ing ,  "An Approach t o  t h e  T i s s u e  /  S y n t h e t i c  M a t e r i a l  
I n t e r f a c e ” , p r i v a t e  communication
110. D .K .G i ld ing ,  ’’F a c t o r s  A f f e c t i n g  t h e  Behaviour o f  Polymers in  S o f t  
T i s s u e s ”, p r i v a t e  communication
111. J . G r o s s ,  S c i e n t i f i c  American 204 (5) 120 (1961)
112. M.E.Nimni, Seminars in  A r t h r i t i s  and R heum at i sm ^  (2)  95 (1974)
113. T.K.Kobayashi  and V . P e n d r i n i ,  Biochem Biophys Acta 303 148 (1973)
114. P .P er lman ,  ’’Basic Microscope Techn iques” , Chemical P u b l i s h i n g  Company 
In c  , New York,  1971
115. V/. Bloom and D.W .Fawcett , ”A Textbook of  H i s t o l o g y ” , W.B.Saunders 
Company, P h i l a d e l p h i a ,  1968
116. J .Chayen e t  a l .  , ’’P r a c t i c a l  H i s t o c h e m i s t r y ” , John Wiley and Sons,  
London, 1969
117. T .A .H o rb e t t  e t  a l .  , Trans  13th I n t  Biomat Symp IV 104 (1981)
118. M.A.Hayat E d . ,  ’’P r i n c i p l e s  and Techniques  o f  Scanning  E l e c t r o n
Microscopy ,  B i o l o g i c a l  A p p l i c a t i o n s ” , Van Nost rand  Reinhold  Company, New 
York, 1974
119. H.Dahlke e t  a l .  , J Biomed Mater  Res J_4 251 (1980)
120. R.R.Gorman e t  a l .  , J Phys Chem 75 (14) 2103 (1971 )
121. D. Br iggs ,  E d . ,  ’’Handbook o f  X-ray  and U l t r a v i o l e t  S p e c t ro s c o p y ” , Heydon 
and Son L t d . ,  London, 1977
122. M.M.Mil lard ,  Adv Exp Med Biol  _48 589 (1974)
123. D .T .C la rk  e t  a l .  Biochim Biophys Acta 453 533 (1976)
52
124. P.T.Andrews e t  a l .  , Biochem J 149 X2) 471 (1975)
I
125. M.M.Mil lard,  Conterap Top Anal C l in  Chem S e r i e s  3, 1 (1978)
126. M .P .K le in  and L.N.Kramer,  Symp Seed P r o t e i n s  265 (1972)
127. J . P e e l i n g  e t  a l . , J S c i  Fd A gric  27 331 (1976)
128. M.M.Millard e t  a l . , Biochem Biophys Res Commun 72 (3)  1209 (1976)
129. R.G.Meisenheimer and J . W .F is ch e r , Biochem Biophys Res Commun 68 (3) 994
(1976)
130. J .D .Andrade  e t  a l . ,  Pap Meet Am Chem Soc Div Org Coat  P l a s t  Chem .36 (1)
161 (1976)
131. B .D .R a tne r ,  Polymer P r e p r i n t s ,  2A_ (1)  152 (1980)
132. C.B.Hu and C .S .P a ik  Sung,  Polymer P r e p r i n t s  2A_ (1 )  156 (1980)
133. A.Rothen,  Rev S c i  I n s t r  28  (4)  283 (1957)
134. L.Vroman e t  a l . , Fed Proc ^ 2  (5) 1494 (1971)
135. L.Vroman e t  a l . ,  i n  " A p p l i e d .  Chem is try  a t  P r o t e i n  I n t e r f a c e s " ,  
R .E .B a ie r ,  E d . ,  Advances i n  Chemis try  S e r i e s  No. 145, ACS, Washington D.C.,  
1975 p 255
136. A.D.Cross and R .A .Jones ,  "An I n t r o d u c t i o n  t o  P r a c t i c a l  I n f r a r e d  
S p e c t ro s c o p y " ,  B u t t e r w o r t h  and Co. ( P u b l i s h e r s )  L t d . ,  London, 1969
137. N . J . H a r r i c k ,  " I n t e r n a l  R e f l e c t i o n  S p e c t ro s c o p y " ,  I n t e r  s c i e n c e ,  New
York, 1967
138. R . J . J a k o b s e n  and R.M.Gendreau, A r t i f i c i a l  Organs ,2 (2)  183 (1978)
139. C.S P a ik  Sung e t  a l . , J Biomed Mater  Res J_2 791 (1978)
140. J .S .M a t t s o n  e t  a l . ,  Anal Chem 47 ( 4 ) 736 (1975)
141. B.W.Morrissey and R.R.S tromberg ,  Pol  S c i  Tech 7., H .P .G rego r ,  E d . ,  
Plenum P r e s s ,  New York, 1975 pp 57-68
142. S . I . S t u p p  e t  a l . ,  J Biomed Mater  Res JM 237 (1977)
143. T .M atsu i  e t  a l  , J Bioeng 2 539 (1978)
144. R.F .Gould ,  E d . ,  " C o n ta c t  Angle,  W e t t a b i l i t y  and Adhesion" ,  ACS S e r i e s
No. 4 3 ,  ACS Washington D.C., 1964
145. J .D .Andrade  e t  a l .  , in  "Hydroge ls  f o r  Medical  and R e la ted
A p p l i c a t i o n s " ,  J .D .Andrade  E d . ,  ACS Symposium S e r i e s  No. 31, ACS, 
Washington D.C. ,  1976 pp 206-244
146. H.W.Fox and W.A.Zisman, J Co l l  I  Sc i  7 428 (1952)
147. D.K.Owens and R.C.Wendt,  J Appl Po l  S c i  J_3 1741 (1969)
148. A . J . K i n l o c h , J Mater  S c i  V5 2141 (1980)
149. J .D.  Andrade e t  a l .  , J Po l  S c i  Pol  Symp 66 313 (1979)
150. J .D .A ndrade  e t  a l .  , J Co l l  I  S c i  72 ( 3 ) 4 88 (19 79)
151. A. van der  Scheer e t  a l .  , J Pol  S c i  Po l  Symp 6_6 399 (1979)
152. P .S e n n e t  and J . P . O l i v i e r ,  I n d u s t r i a l  and E n g in ee r in g  Chemis try  57_ (8)
33 (1965)
153. P. J .G o e tz  and J .G.Penniman J r . ,  "A New Technique f o r
M i c r o e l e c t r o p h o r e t i c  Measurements" ,  American L a b o ra to ry ,  O c to b e r ,  1976
154. A.M.James, i n  "Second I n t e r n a t i o n a l  Congress o f  S u r face  A c t i v i t y " ,  Vol
4* Academic P r e s s ,  New York, 1957 p 254
155. H .R .Kruyt ,  C o l lo id  S c ience  Vol I I ,  E l s e v i e r ,  New York,  1949
156. H . S c h u l t z e ,  J P r a k t  Chem 25 (2)  431 (1882)
157. J .L .  Brash and S .U n iy a l ,  J P o l  S c i  Pol  Symp <66 377 (1979)
158. R.W.Helmkamp e t  a l .  , Cancer Res 20 1495 (1960)
159. P .K .W eathersby  e t  a l . , Trans Amer Soc A r t i f  I n t e r n  Organs 22 242 (1976)
160. T. F . Z i e g l e r  and M .L .M i l l e r ,  J Biomed Mater  Res _4 259 (1970)
161. G.W.Reed and R.E R o s s a l l ,  i n  " R a d io i s o to p e s  in  S c i e n t i f i c  R e s e a r c h " ,
Vol 2 ,  R.C. Extermann, Ed. Pergammon P r e s s ,  New York, 1958
162. T . A . H o r b e t t ,  Pol  S c i  Tech 12B, L-H.Lee,  Ed . ,  Plenum P r e s s ,  New York,
1980 pp 677-682
163. W.H Grant  e t  a l  , J Biomed'Mater  Res Symp No. 8, 33 (1977)
54
164. E.Brynda e t  a l .  , J Biomed Mater Res J_2 55 (1978)
165. J .  A .C h a n d le r , MX-ray  M i c r o a n a l y s i s  in  t h e  E l e c t r o n  M icroscope1’ ,
E l s e v i e r  /  N or th -H o l land  Biomedica l  P r e s s ,  1977
166. S.W.Graham and D. M .H ercu le s , J Biomed Mater  Res J_5 349 (1981)
167. S.W.Graham and D .M .H ercu les , J Biomed Mater Res 15 465 (1981)
55
[ 3 .0 ]  X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
XPS i s  based  on t h e  k i n e t i c  ene rg y  a n a l y s i s  o f  th e  p h o t o e l e c t r o n s  l i b e r a t e d  
from t h e  sample s u r f a c e  by a beam o f  s o f t  x - r a y s .  The s u r f a c e  s p e c i f i c i t y  o f  
t h e  t e c h n i q u e  makes i t  i d e a l  f o r  s t u d y in g  i n t e r f a c e  phenomena such a s  a r e  
e n co u n te red  in b i o m a t e r i a l s  problems,  however c e r t a i n  e x p e r i m e n t a l  
c o n s i d e r a t i o n s  impose l i m i t a t i o n s  on what  can be done.  In  t h i s  c h a p t e r ,  t h e  
t h e o r y ,  p r a c t i c e  and a p p l i c a t i o n s  o f  XPS are  rev iewed .
[ 3 . 1 ]  XPS THEORY
Amongst a s e r i e s  o f  ex p e r im en t s  d es igned  to  p rove  t h e  i l l - f a t e d  C l a s s i c a l  
Theory of  E lec t rom agne t i sm  was an o b s e r v a t i o n  by H er tz  in  1887 o f  t h e
p h o t o e l e c t r i c  e f f e c t  ( 1 ) ,  t h a t  i s  t h e  l i b e r a t i o n  o f  e l e c t r o n s  i n  vacuo from a
m e ta l  by a photon beam. In 1905 E i n s t e i n  (2)  p rov ided  a b r i l l i a n t  i n s i g h t  
i n t o  t h e  p r o c e s s  by e q u a t in g  th e  photon ene rgy ,  hv,  t o  t h e  k i n e t i c  en e rg y  of
t h e  p h o t o e l e c t r o n ,  Z and t h e  ene rgy  r e q u i r e d  to  l i b e r a t e  i t  f rom t h e  p a r e n t
K
a to m ’s co re  l e v e l  to  t h e  Fermi l e v e l  E^ :
Ek = hv-E^-$ ( 3 . 1 )
where h i s  P l a n c k ’ s c o n s t a n t  v t h e  photon f req u en cy  and $ t h e  work 
f u n c t i o n  o f  th e  sample.
In  t h e  mid 1910-1920 's ,  Robinson ( 3 , ^ , 5 ) '  succeeded  in r e c o r d i n g  t h e
p h o t o e l e c t r o n  s p e c t r a  o f  s e v e r a l  m e t a l s  e x c i t e d  by CuKa r a d i a t i o n .  The
p h o t o e l e c t r o n s  were ad m i t t e d  th ro u g h  s l i t s  t o  a un i fo rm  m agne t ic  f i e l d  and 
c o l l e c t e d  on a p h o to g ra p h i c  p l a t e .  The p o s i t i o n s  o f  th e  edges o f  t h e  smears  
produced were c h a r a c t e r i s t i c  o f  t h e  r a d i u s  o f  t h e  p a t h  taken  by th e  
p h o t o e l e c t r o n s  th rough  t h e  m agne t ic  f i e l d  and hence t h e i r  k i n e t i c  e n e r g i e s .
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The i n t e n s i t i e s  o f  th e  images produced  on t h e  p h o to g ra p h ic  p l a t e  were s c a l e d  
a t  f i r s t  by eye ,  and l a t e r  u s i n g  a pho tom ete r ,  a l though  th e  t h e o r y  a l lo w in g  
t h e  u s e  o f  t h i s  i n f o r m a t i o n  in  a q u a n t i t a t i v e  manner had n o t  y e t  been 
deve loped .  The p h o t o e l e c t r o n  ’'camera" was evac ua ted  a l th o u g h  th e  o p e r a t i n g  
vacuum was n o t  measured.
By t h e  m i d -1 9 5 0 ' s  t h e  Swedish p h y s i c i s t  Kai  Siegbahn  and co -w o rk e r s  had 
developed  t h e  i n s t r u m e n t a t i o n  t o  d e t e c t ,  q u a n t i f y  and r e c o r d  t h e  spec t rum  o f  
t h e  p h o t o e l e c t r o n s  l i b e r a t e d  by t h e  x - r a y  beam ( 6 ) .  I t  was found t h a t  n o t  
on ly  was each  peak  c h a r a c t e r i s t i c  o f  a p a r t i c u l a r  e l e c t r o n  s h e l l  from a 
p a r t i c u l a r  atom bu t  a l s o  t h a t  chem ica l  bonding e f f e c t s  were r e f l e c t e d  in 
d e t e c t a b l e  peak  s h i f t s .  Siegbahn u n v e i l e d  h i s  t e c h n iq u e  in  1967 t h e n ,  as  
E l e c t r o n  Spec t ro scopy  f o r  Chemical A n a ly s i s  (ESCA) (7 ) ,  now termed X-ray  
P h o t o e l e c t r o n  S pec t roscopy  (XPS) by workers  in  t h e  f i e l d  u s in g  s o f t  x - r a y s  as 
t h e  e x c i t i n g  r a d i a t i o n .
C3.11] PHOTELECTRON PRODUCTION
On a b s o rb in g  t h e  pho ton  ene rgy  hv ( s e e  F ig .  3 . 1 )  t h e  e l e c t r o n  h a s  t o  pay in
energy  an amount eq u a l  to  E +$ t o  be l i b e r a t e d  from th e  sample i n t o  t h e
b
vacuum of t h e  s p e c t r o m e t e r .  The s p e c t r o m e t e r ’ s own work f u n c t i o n ,  $ , whichs p
w i l l  a f f e c t  t h e  measured va lue  o f  th e  p h o t e l e c t r o n  k i n e t i c  ene rgy ,  i s
/
c o n s t a n t  and u s u a l l y  "programmed i n "  t h e  r e f e r e n c i n g  o f  t h e  ene rgy  d e t e c t i o n
s c a l e .  The r e c o i l  ene rgy  o f  t h e  atom from which p h o toe m iss ion  t a k e s  p l a c e  i s
u n d e t e c t a b l y  smal l  in  u s u a l  p r a c t i c e  ( 7 ) .  The c h a r a c t e r i s t i c  b i n d i n g  energy
of an observed  p h o t o e l e c t r o n  peak e x p re s s e d  in t e rm s  o f  t h e  photon  energy  and
th e  d e t e c t e d  p h o t o e l e c t r o n  k i n e t i c  ene rgy  E^ i s  given by:
E = hv -E j -S  ( 3 . 2 )D K sp
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F i g .  3 . 1  P h o t o e l e c t r o n  p r o d u c t i o n  and XPS a n a l y s i s
The m agn i tude  o f  t h e  f l u x  o f  p h o t o e l e c t r o n s  d e t e c t e d  depends  upon a number o f  
f a c t o r s ,  c h a r a c t e r i s t i c s  o f  bo th  t h e  a p p a r a t u s  used  and t h e  s a m p le .  
R e f e r r i n g  to  F ig .  3 . 2 ,  t h e  p h o t o e l e c t r o n  f l u x  d e t e c t e d  depends  upon:
e
detector
slits
n
area A
F i g .  3 . 2  A g e n e r a l  s p e c t r o m e t e r ' g e o m e t r y .  Redrawn from r e f .  11.
a )  X - ray  f l u x  a t  d e p t h  x
Jq (1-R) sin^exp 
s im p 1
- x ( 3 . 3 )
Jq = i n c i d e n t  f l u x ,  R = c o e f f i c i e n t  o f  r e f l e c t i o n ,  \  = x - r a y
hv
m e a n - f r e e - p a t h .
However, f o r  ]p}5 , and R<<1 . A lso ,  a s  x i s  e f f e c t i v e l y  l i m i t e d  by
t h e  p h o t e l e c t r o n  m e a n - f r e e - p a t h ,  which i s  much s m a l l e r  t h a n  X , X >>x.
hv hv
So i n  p r a c t i c e  t h i s  t e rm  r e d u c e s  t o  a c o n s t a n t  = J n .
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b) Number o f  atoms in  volume element
pAp dx 7 ( 3 . 4 )
s in 0
p= atom number d e n s i t y
The s in0  te rm  h e re  i s  o n ly  v a l i d  i f  t h e  width o f  t h e  specimen i s  more 
tha n  t h e  a n a l y s e r  s l i t  w id th .
c)  P r o b a b i l i t y  fo r  ph o to e m is s io n  i n t o  s o l i d  an g le  ftp .
do ftp ( 3 . 5 )
d ft
o = c a p tu re  c r o s s - s e c t i o n  f o r  t h e  s h e l l  in  q u e s t i o n .
Only a f r a c t i o n  o f  t h e  i n c i d e n t  x - r a y s  a re  c a p t u r e d ,  and each  s u b s h e l l  
o f  each atom has a d i f f e r e n t  c a p t u r e  c r o s s - s e c t i o n .
d) P r o b a b i l i t y  o f  p h o t o e l e c t r o n  e s c a p i n g  w i thou t  l o s i n g  e n e rg y .
( 3 . 6 )
exp -x
X (E )s in 0  e
X (E) = i n e l a s t i c  m e a n - f r e e - p a t h  o f  a p h o t o e l e c t r o n  o f  k i n e t i c  ene rg y  E e
i n  t h e  m a t r i x  in q u e s t i o n .  This  i s  t h e  mean d i s t a n c e  between,  
e n e r g y - l o s i n g  c o l l i s i o n s  ( a f t e r  which t h e  p h o t o e l e c t r o n  makes no 
c o n t r i b u t i o n  t o  t h e  c h a r a c t e r i s t i c  p e a k ) . I t  i s  t h e  low v a l u e s  o f  t h i s  
p a r am e te r  ( 100&) which g iv e  XPS i t s  s u r f a c e  s e n s i t i v i t y .
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e )  I n t e n s i t y  l o s s  f a c t o r  due t o  r e t a r d a t i o n .
-(? )
O therw ise  known as t h e  ’’t r a n s m i s s i o n  f u n c t i o n ” , t h i s  f a c t o r  r e l a t e s  t o  
t h e  f r a c t i o n  o f  p h o t o e l e c t r o n s  o f  the  a p p r o p r i a t e  ene rg y  E d e l i v e r e d  to  
t h e  d e t e c t o r  a t  ene rgy  E0 by t h e  e l e c t r o n  o p t i c s .
f )  D e t e c t i o n  e f f i c i e n c y
D0 ( 3 .8 )
The f r a c t i o n  o f  e l e c t r o n s  t u r n e d  i n t o  c o u n t s  by th e  d e t e c t o r .
By m u l t i p l y i n g  t h e  f a c t o r s  in e q n s .  ( 3 . 3 )  -  ( 3 . 8 ) ,  i g n o r i n g  x - r a y  e f f e c t s
( s e e  a) ) and i n t e g r a t i n g  With r e s p e c t  t o  x from x=0 t o  x= t  t h e  s i g n a l  
i n t e n s i t y  f o r  p h o t o e l e c t r o n s  o f  energy  E i s  given  by
( 3 .9 )
exp ------ -------  dx
\E I dft s i n 0  ' 'o
I  (E) = JoAo^oD0F (— ) P ~  ——  p  
I Tf1 I rlO c?■? t>£) ^r\ A (E)s in0  
Le
P u t t i n g  JoAQfio^b = co » an i n s t r u m e n t a l  c o n s t a n t ,  and i n t e g r a t i n g  t o  x=°°, 
th e n
I J E )  = Cq f / jEo) (E )  ( 3 - 1 0 >
\E  /  dfi 6
Which i s  t h e  count  r a t e  a t  p h o t o e l e c t r o n  k i n e t i c  ene rgy  E f o r  a p u r e ,  
homogeneous sample o f  atom number d e n s i t y  p (8 -1 1 ) .
[3 .1 2 ]  BONDING EFFECTS
Cons ider  two h e t e ro a to m s  in  chem ica l  com bina t ion :  th e  e f f e c t  o f  t h e  more
e l e c t r o n e g a t i v e  o f  t h e  two i s  t o  p u l l  e l e c t r o n s  away from th e  o t h e r ,  whose 
n uc leus  i s  then  l e s s  w e l l  s h i e l d e d  by t h e  rem a in ing  e l e c t r o n s  which
e x p e r i e n c e  an i n c r e a s e  i n  a p p a r e n t  b i n d i n g  e n e rg y .  The r e s u l t  i s  a s h i f t  o f  
t h e  r e l e v a n t  peaks tow ards  h ig h e r  b i n d i n g  energy  by an amount
AE = K q  + I  ^B_+ 1 ( 3 .1 1 )
where i s  the  i n t e r a t o m i c  d i s t a n c e  between atoms A and B and 1 i s  an
i n s t r u m e n t a l  c o n s t a n t ^
An example,  in  F ig .  3 . 3 a ,  shows th e  carbon 1s peak  f o r  a 
p o ly  me thy l  m e th a c r y l a t e  /  d im e thy l  amino e t h y l  m e t h a c r y l a t e  copolymer .  The 
nominal  b in d i n g  ene rgy  o f  t h i s  peak  i s  285 eV, however t h e  sample has  been 
al lowed to  " f l o a t ” so  t h a t  any c h a r g i n g  (due to  t h e  l o s s  o f  e l e c t r o n s  from 
th e  s u r f a c e )  rem ains  u n c o r r e c t e d .  The peak ( o u t e r  enve lope )  has  been
deconvo lu ted  ( see  [ 3 . 2 3 ] )  to *  r e v e a l  t h r e e  c h e m ic a l ly  d i s t i n c t  component 
p e a k s ^  t h e  main peak  i s  a s s ig n e d  to  backbone c a rb o n ,  t h e  peak  a t  + 1 .4  eV t o
✓o—CHo-O- and t h e  peak  a t  +3 .8  eV t o  -C v . Here t h e  e l e c t r o n e g a t i v e  oxygen
N0
atom i s  p ro v id i n g  t h e  c h em ica l  s h i f t  e f f e c t  on t h e  carbon atom t o  which i t  i s  
bound,  and t h e  oxygen 1s peak may be deco n v o lu ted  t o  g iv e  t h e  c o r r e s p o n d in g  
components ( F ig .  3 . 3 b ) .  C la rk  has shown t h a t  t h e  chem ica l  s h i f t s  obse rved  in  
po lym er ic  sy s tem s  match th o s e  p r e d i c t e d  by m o le c u la r  o r b i t a l  c a l c u l a t i o n s  
and t h a t  such c a l c u l a t i o n s  (12) may be performed to  e l u c i d a t e  c o m p l ic a te d  
peak shapes  (1 3 -18 ) .
[3 .1 3 ]  AUGER ELECTRON EMISSION
An Auger e l e c t r o n  i s  t h e  p ro d u c t  o f  a r e l a x a t i o n  p r o c e s s  f o l l o w i n g
p h o te m iss ion  ( see  F ig .  3 . 4 ) .  An e l e c t r o n  from a v a l e n c e  o r b i t a l  d rops  down
t o  f i l l  t h e  h o l e  in  t h e  c o r e  o r b i t a l ,  t h e  energy  of  which t r a n s i t i o n  b e in g
taken up by an o th e r  v a l e n c e  e l e c t r o n  which i s  l i b e r a t e d  from t h e  atom . The
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3 (a)  D econvolu ted  C ls  peak  f o r  pMMA/DMAEMA copolymer,  (b) D eco n v o lu ted
01 s  p eak .  The component  a t  534 .4  eV i s  a s s i g n e d  t o  c a r b o n y l  oxygen 
and a t  5 36 .0  eV t o  e t h e r  oxygen ( a f t e r  r e f .  148) .
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F i g .  3 . A Auger e l e c t r o n  e m is s i o n ,  m ode l led  as a  f i v e - s t a g e  p r o c e s s
k i n e t i c  en e rg y  o f  t h i s  Auger e l e c t r o n ,  KE^ ( 1 9 ) ,  i s  i n d e p e n d e n t  o f  t h e  e n e r g y
of  t h e  e x c i t i n g  r a d i a t i o n  and i s  g iven  by
KEa = BECK) -  BECL^) -  BE(L3 ) - $ ( 3 . 1 2 )
BE(K) = b i n d i n g  e n e r g y  of  t h e  s h e l l  from which p h o to e m is s io n  to o k  p l a c e  
BE(L^) = b i n d i n g  ene rgy  o f  t h e  s h e l l  from which t h e  i n t e r n a l  e l e c t r o n
t r a n s i t i o n  t o  t h e  h o l e  t o o k  p l a c e
BE(L^ ) = b i n d i n g  en e rg y  of  t h e  s h e l l  from which t h e  Auger e l e c t r o n  came
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The nom encla tu re  f o r  Auger e l e c t r o n  peaks l i s t s  t h e  t h r e e  o r b i t a l s  in  o r d e r
as  above ,  eg .  KLL, LMM, MNN and N00 f o r  t h e  s e r i e s  observed w i th  AlKa o r
MgK x - r a d i a t i o n .  a
BE(L^) and BE(L^) w i l l  d i f f e r  from th e  e q u i v a l e n t  v a lu e s  b e f o r e  
p h o to e m is s io n  o f  t h e  K e l e c t r o n .  Th is  d i f f e r e n c e  a r i s e s  from i n t e r a t o m i c  
r e l a x a t i o n  and i t s e l f  c o n t a i n s  i n f o r m a t io n  about  t h e  a t o m ' s  bonding 
env i ronm en t .  Although Auger peaks t h e r e f o r e  show chem ica l  s h i f t s  
d e t e r m i n a t i o n  o f  q u a n t i t a t i v e  and s t r u c t u r a l  i n f o r m a t io n  i s  n o t  
s t r a i g h t f o r w a r d  ( 2 0 , 2 1 ) .  However t h e  Auger Pa ram e te r ,  a measure o f  t h e  
s e p a r a t i o n  between t h e  main p h o t o e l e c t r o n  and Auger peak from t h e  same 
e le m e n t ,  can be a s e n s i t i v e  measure o f  chem ica l  s t a t e  (2 2 -2 5 ) .  Wagner has  
proposed  a m o d i f i e d  Auger Param e te r  (26)
a T = KE (Auger) + BE ( p h o t o e l e c t r o n )  (3 -13)
which i s  in d e p en d en t  o f  bo th  photon ene rgy  and-sample c h a rg in g .  C a s t l e  and 
Wagner have  i n d i c a t e d  th e  u t i l i t y  of  Auger peaks e x c i t e d  by t h e  
B rem ss t r ah lu n g  t a i l  o f  unmonochrornated x - r a d i a t i o n  (2 7 ) ,  p a r t i c u l a r l y  in  t h e  
s tu d y  o f  Al and S i  compounds ( 2 8 ,2 9 ) .
[ 3 . 2 ]  XPS PRACTICE
The b a s i c  r e q u i r e m e n t s  o f  an x - r a y  p h o t o e l e c t r o n  s p e c t r o m e te r  a r e ;  i )  an 
x - r a y  s o r c e  (commonly a Mg o r  Al t a r g e t  b e in g  employed),  i i )  a vacuum chamber 
so t h a t  t h e  p h o t o e l e c t r o n s  may r e a c h  th e  a n a l y s e r ,  m a i n t a i n a b l e  a t  10 ^ T o r r  
a t  l e a s t  and 10 ^  Torr  p r e f e r a b l y ,  i i i )  a means o f  a n a l y s i n g  t h e  k i n e t i c  
energy  spec t rum  o f  the  p h o t o e l e c t r o n s  and iv )  a m agne t ic  s h i e l d  around t h e  
a n a l y s e r  t o  ensu re  independence  from s t r a y  magnetic  f i e l d s .
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In  t h i s  s e c t i o n  a d e s c r i p t i o n ,  o f  t h e  equipment used in t h i s  s t u d y  i s  g iven 
a long  wi th  an o u t l i n e  o f  th e  methods o f  d a t a  a n a l y s i s  employed.
[3 .2 1 ]  VACUUM GENERATORS "ESCA 3" (30)
The equipment used  in  t h i s  s t u d y  ( s e e  P l a t e  3 . 1 )  comprises  a s t a i n l e s s  s t e e l
p r e p a r a t i o n  chamber and a mu-metal  a n a l y s e r  chamber h o u s in g  t h e  e l e c t r o n
a n a l y s e r ,  t h e  mu-metal  c a s in g  a c t i n g  as a m agne t ic  s h i e l d .  Each chamber i s
s e p a r a t e l y  pumped by a E02 d i f f u s i o n  (170 1 / s e c )  pump charged w i th
p o ly  phenyl  e t h e r  o i l  in  com bina t ion  w i th  a CCT l i q u i d  n i t r o g e n  t r a p ,  which
-9
a c h i e v e  a working p r e s s u r e  o f  ^  2x10 T o r r  in  r e g u l a r  u s e .  An ED 100 
r o t a r y  pump i s  used  f o r  rough pumping th e  p r e p a r a t i o n  chamber f o l l o w i n g  
i n s e r t i o n  o f  th e  specimen p robe  and fo r  back ing  t h e  d i f f u s i o n  pumps.
The probe t o  which t h e  sample h o l d e r  i s  b o l t e d  i s  h e ld  in t h e  a n a l y s e r
chamber ( see  P l a t e  3 -2 )  i n  a c o l l a r  connec ted  to  an x-y s h i f t  a r r an g em en t ;
t h e  probe may a l so  be r o t a t e d  to  a l lo w  th e  a n g l e  between t h e  sample s u r f a c e
and t h e  e l e c t r o n  c o l l e c t i o n  o p t i c s  t o  be v a r i e d .  The probe  t i p  c o n t a i n s  a
o
t h e r m i s t o r  and h e a t i n g  e lem en t  ( t o  +600 C) a s  w el l  as  plumbing f o r  a c o o l a n t  
f low ( t o  -1 8 0 ° C ) .
The tv/in anode x - r a y  s o u rce  a l lo w s  th e  s e l e c t i o n  o f  e i t h e r  AIK r a d i a t i o n  a ta
1486.6 eV o r  MgK a t  1253.6 eV. There i s  no monochromator so s a t e l l i t e  a
l i n e s  w i l l  be observed  as d e t a i l e d  in  Table 3 . 1 .  An Al window i s  employed 
and t h e  x - r a y  s o u rce  i n d e p e n d e n t l y  pumped by an 8 1 / s  ion  pump. Normal 
o p e r a t i n g  c o n d i t i o n s  a r e  20mA t a r g e t  c u r r e n t  and 12 .5  kV a c c e l e r a t i n g  
p o t e n t i a l .
P l a t e  3 . 1 .  V G  E S C A  3  s p e c t r o m e t e r
P l a t e  3 . 2 .  V G  E S C A  3  a n a l y s e r  c h a m b e r
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TABLE 3.1 Hlffl ENERGY SATELLITE LINES FROM A1 AND Mg TARGETS (71
X-RAY LINE SEPARATION FROM K (eV) AND RELATIVE INTENSITY (I)
“ 1 . 2
K
«1*2
K03Kat*
K
0 5K06 K„
A1 Mg
0 .0 1001 0 .0 1001
5.6 1.01 4.5 1.01
9.6 7.81 8.4 9.21
11.5 3.31 10.0 5.11
19.8 0.41 17.3 0.81
23.4 0.31 20.5 0.51
70.0 2.01 48.0 2.01
0
The i n l e t  and e x i t  s l i t s  on t h e  model 843 150 s p h e r i c a l  s e c t o r  a n a l y s e r
( s e e  F i g .  3 . 5 )  can be s e t  t o  4mm, 2mm, 1mm, o r  0.5mm, f o r  a r e s o l u t i o n  given  
by
i E = WEp ( 3 ' 1U)
200
where Ep i s  t h e  p a s s  e n e rg y  in  eV and w i s  t h e  s l i t  w id th  i n  mm. T h i s ,
a l o n g  w i th  t h e  n a t u r a l  l i n e  w id th  o f  t h e  x - r a d i a t i o n  ( 0 . 7  eV f o r  MgKa i  ,
0 . 8 5  eV f o r  A1K„ ) imposes a l i m i t  on t h e  r e s o l u t i o n  o b t a i n a b l e  i n  t h e  a i , 2
s p e c t r a .  The s p e c t ru m  i n  F i g .  3 . 3 ,  f o r  example,  was r e c o r d e d  w i t h  w = 4 mm
and E = 50 eV, a nominal  a n a l y s e r  r e s o l u t i o n  o f  1 eV.
P
The two meshes a r e  ramped t o  r e t a r d  e l e c t r o n s  w i th  t h e  a p p r o p r i a t e  k i n e t i c  
en e rg y  t o  t h e  p a s s  e n e r g y  E p . In t h e  c o n s t a n t  a n a l y s e r  e n e r g y  (CAE) mode t h e  
v o l t a g e s  o f  t h e  two hem is p h e re s  a r e  k e p t  c o n s t a n t  so  t h a t  o n l y  e l e c t r o n s  
r e t a r d e d  by th e  meshes t o  e n e rg y  E  ^ a r e  t r a n s m i t t e d  to  t h e  c h a n n e l t r o n  f o r  
d e t e c t i o n  ( w i t h  a c o n s t a n t  r e s o l u t i o n  given by eqn .  ( 3 . 1 4 )  ) .  In  t h e
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F i g .  3 .5  Schem atic  of  t h e  e l e c t r o n  a n a l y s e r  i n  t h e
VG ESCA 3 s p e c t r o m e t e r .  Redrawn from r e f .  33.
c o n s t a n t  r e t a r d  r a t i o  (CRR) mode t h e  p a s s  ene rgy  i s  k e p t  a l i n e a r  f u n c t i o n  o f  
t h e  i n i t i a l  k i n e t i c  e n e r g i e s  o f  t h e  e l e c t r o n s  b e i n g  c o u n te d ,  so t h a t  aE/E i s  
a c o n s t a n t .  A l o s s  o f  i n t e n s i t y  w i th  d e c r e a s i n g  k i n e t i c  e n e rg y  i s  o b s e r v e d  
compared to  t h e  CAE mode.
In  t h i s  work the  CAE mode was employed,  w i th  Ep = 50 eV and w = 4 mm u n l e s s  
o t h e r w i s e  n o t e d ,  t o  o p t i m i s e  r e s o l u t i o n  and coun t  r a t e  c o n s i d e r a t i o n s .
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[ 3 .2 2 ]  DATA HANDLING
In a d d i t i o n  t o  t h e  x -y  r e c o r d e r  /  s p e c t r o m e te r  c o n t r o l  u n i t  co m b in a t io n  f o r  
r e c o r d i n g  s p e c t r a  d i r e c t l y  on to  p a p e r ,  t h e  i n s t r u m e n t  used  in t h i s  work i s  
l i n k e d  to  a VG Datasys te ras  3040 d e d i c a t e d  computer  (PDP8E). Through a 
t e l e t y p e  t h e  u s e r  s p e c i f i e s  t h e  d a t a  a c q u i s i t i o n  p a r a m e t e r s ;  t h e  computer  
t h e n  r u n s  t h e  s p e c t r o m e te r  c o n t r o l  u n i t  and r e c e i v e s  t h e  s p e c t r a  a s  a s e r i e s  
o f  p u l s e s  and s t o r e s  them on t a p e .  The s p e c t r a  can t h e n  be viewed and 
m a n ip u la ted  on a VDU, r o u t i n e s  such as b a s e l i n e  s u b t r a c t i o n ,  a r e a  
c a l c u l a t i o n ,  d e c o n v o lu t io n  and cu rv e  s y n t h e s i s  b e in g  r e a d i l y  a v a i l a b l e .
[3.233 ANALYSIS OF DATA
Because polymers  a r e  e l e c t r i c a l  i n s u l a t o r s ,  t h e  l i b e r a t i o n  o f  p h o t o e l e c t r o n s  
l e a d s  t o  t h e  e s t a b l i s h m e n t  o f  a s u r f a c e  c h a r g e ,  which c a u s e s  a s h i f t  i n  t h e  
peak p o s i t i o n s  o f  a few eV ( 3 1 ,3 2 ) .  In  th e  s t u d y  o f  o t h e r  m a t e r i a l s  i n  which
t h i s  phenomenon a r i s e s ,  i t  has  become s t a n d a rd  p r a c t i c e  t o  t a k e  t h e  C1s peak
(due to  c o n t a m in a t io n )  a s  t h e  ene rg y  r e f e r e n c e  a t  285 .0  eV b i n d i n g  e n e r g y ,
and c o r r e c t  t h e  s c a l e  f o r  c h a r g i n g  e f f e c t s  a c c o r d i n g l y .  Because  t h i s
p r a c t i c e  i s  i n a p p r o p r i a t e  f o r  t h e  s t u d y  of  polymers (which a r e  th e m s e lv e s  
composed m o s t ly  of  c a r b o n ) ,  a d e t a i l e d  s tu d y  of  th e  a p p a r e n t  b i n d i n g  e n e r g i e s ,  
o f  th e  atoms was n o t  u n d e r t a k e n .  C la rk  (14) has  shown t h a t  t h e  c h a r g i n g
e f f e c t  e x h i b i t e d  by po lymers  i s  a f u n c t i o n  o f  t h e i r  s t r u c t u r e ;  however t h e
po lymers  used in  t h e  p r e s e n t  s t u d y  a r e  o f  ve ry  s i m i l a r  c o m p o s i t i o n  and no
u t i l i s a b l e  c h a r g i n g  e f f e c t s  were ob se rv ed .
The b a s e l i n e  s u b t r a c t i o n  r o u t i n e  on t h e  PDP8E computer  a l l o w s  f o r  t h e
s u b t r a c t i o n  o f  a s t r a i g h t  l i n e  drawn between two u s e r - s p e c i f i e d  p o i n t s  on t h e
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s p ec t ru m  ( s e e  F i g .  3 . 6 ) .  A lthough  t h e  background l i n e  i s  more a c c u r a t e l y  an
CD-
i—i
CO”
S 2 4  5 2 6  5 2 8  5 3 0  5 3 2  5 3 4  5 3 6  S 3 8  5 4 0  5 4 2  5 4 4
BECEV3 XI
F i g .  3 .6  L i n e a r  b a s e l i n e  ( s o l i d  l i n e )  shown on t h e  01s  peak  
o f  t h e  " 1 5 - "  pMMA/AA model po lymer .  A more e x a c t  
o j i v e  cu rv e  i s  shown d o t t e d .
o j i v e  c u r v e ,  f o r  t h e  p h o t o e l e c t r o n  peaks  in  q u e s t i o n  ( n o n - t r a n s i t i o n  m e t a l  
e l e m e n t s ) ,  the  s t r a i g h t  l i n e  a p p ro x im a t io n  shou ld  be a c c u r a t e  t o  w i t h i n  
£ 0.32 ( 3 3 ) .
When c o r r e c t e d  f o r  t h e  t i m e  taken  t o  accum ula te  t h e  s p e c t r u m ,  t h e  peak  a r e a  
o b t a i n e d  f o l l o w i n g  b a s e l i n e  s u b t r a c t i o n  can be r e l a t e d  to  t h e  atom number
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d e n s i t y  by eqn.  ( 3 . 10) f o r  a homogeneous sample :
I  = C0F p—X (E)
.E I dJJ e
c v a lu e s  have  been c a l c u l a t e d  f o r  t h e  e n t i r e  p e r i o d i c  t a b l e  (3*0 f o r  use 
w i th  MgKa and AlKa x - r a d i a t i o n .  To g iv e  t h e  da/dft  te rm t h e s e  v a l u e s  need 
to  be m od i f ied  by an a n i s o t r o p y  te rm
where 3 = asymmetry pa ram ete r  ( 3 5 ), and Y = a n g le  between t h e  x - r a y  gun and 
t h e  e l e c t r o n  c o l l e c t i o n  o p t i c s .  C a l c u l a t e d  3 v a lues  have  been t a b u l a t e d  by 
Reilman (3 6 ) .  F o r  the  i n s t r u m e n t  used in t h i s  work, i t  has  been de te rm ined  
t h a t  c r o s s  s e c t i o n  v a lu e s  t h u s  produced show an e x c e l l e n t  c o r r e l a t i o n  w i th  
th o s e  measured e x p e r i m e n t a l l y  (3 7 ) .  The c ros s  s e c t i o n  v a l u e s  used  in  t h i s  
work a r e  l i s t e d  in Table 3 . 2 .
An a l t e r n a t i v e  approach  i s  t o  produce a s e t  o f  r e l a t i v e  " s e n s i t i v i t y  f a c t o r s "
by comparing t h e  s i g n a l  i n t e n s i t i e s  from a s e r i e s  o f  s t a n d a r d  compounds,
e f f e c t i v e l y  q u a n t i f y i n g  th e  F(En/E ) (d a /d ^ )X  (E) p r o d u c t .  O bv ious ly  t h i s
e
p ro d u c t  v a r i e s  from i n s t r u m e n t  t o  i n s t r u m e n t ,  depending  on t h e  ty p e  o f  
a n a l y s e r ,  sample p o s i t i o n i n g ,  e t c . ,  and s e v e r a l  t a b l e s  o f  s e n s i t i v i t y  f a c t o r s  
have been produced ( 3 3 ,3 7 - 4 5 ) .  Most a u t h o r s  f i n d  good agreement  be tween 
t h e i r  d e r i v a t i o n s  o f  cr and th o s e  c a l c u l a t e d  by S c h o f i e l d  fo r  t h e  1s,  2p and 
3d peaks ;  Seah (33) has  c a l c u l a t e d  a s e t  o f  "peak i n t e n s i t y  f a c t o r s "  
q u a n t i f y i n g  t h e  f r a c t i o n  o f  t h e  i n t e n s i t y  p r e d i c t e d  by S c h o f i e l d  a c t u a l l y  
a p p e a r in g  in t h e  " n o - l o s s "  peak  in t h e  s p ec t ru m .
L(y)  = ~  1 + 5 3 - s i n 2y - l  
4-jr L ' 2
( 3 .1 5 )
D iv id in g  th e  peak  a r e a  by th e  a p p r o p r i a t e  c r o s s - s e c t i o n  p roduces  a number
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TABLE 3.2 VALUES OF <j
Cls 1.0
Nls 1.77
01s 2.85
FIs 4.26
F2s 0 .2
Ca2p 5.13
C12p 2.36
Cl2s* 0.76
Na KLL* 5.9
Taken from Ref. 34 unless 
otherwise noted 
*: experimentally measured 
value
which i s  p r o p o r t i o n a l  to  t h e  atom number d e n s i t y :
1 / do" = c 0f | £ 2) x j e ) p  = I '  ( 3 , 1 6 )
t a k i n g  a s c a l i n g  c o n s t a n t  from t h e  do /d^  te rm  i n t o  CQ. F o r  t h e  i n s t r u m e n t
used  in t h i s  work i t  h a s  been shown (37) t h a t
F(En/E)X (E) = c o n s t a n t  ( 3 . 1 7 )
e
and t a k i n g  t h i s  c o n s t a n t  i n t o  Cq a s  w e l l ,  we have
I 1 = C0P ( 3 . 1 8 )
To e l i m i n a t e  C q i t  i s  n e c e s s a r y  to  i n t e r n a l l y  s t a n d a r d i s e  t h e  s am p le ,  by
e x p r e s s i n g  t h e  c o n c e n t r a t i o n  o f  each  e lem en t  as  a f r a c t i o n  o f  a n o t h e r ,  o r  as
a p e r c e n t a g e  o f  t h e  t o t a l ,  eg .  f o r  a s im ple  c a rbon -oxygen -hyd roge n  polymer
%oxygen = I T(oxygen) x 100
I ' (oxygen)+1’ (carbon)
t h e  r e s u l t  b e in g  an atom number p e r c e n t a g e .
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This  measure o f  atom c o n c e n t r a t i o n  may be  f u r t h e r  broken down by 
d e c o n v o l u t io n  o f  t h e  peaks t o  g iv e  a q u a n t i t a t i v e  measure o f  t h e  number o f  
atoms in s p e c t r o s c o p i c a l l y  d i s t i n g u i s h a b l e  bonding env i ronm en ts  (46)  ( s e e  
F ig .  3 . 3  and d i s c u s s i o n ) .  The p roceedure  has  been d i s c u s s e d  in  d e t a i l  ( 4 7 ) ;  
b r i e f l y  however, t h e  f i r s t  s t a g e  i s  t h e  r e s o l u t i o n  u s in g  a F o u r i e r  Transform 
o f  th e  m u l t i p l e t  by  th e  computer  i n t o  i t s  component s i n g l e t s ,  each  a Gauss ian  
w i th  a u s e r - s p e c i f i e d  h a l f - w i d t h .  The second s t a g e  i s  a cu rv e  s y n t h e s i s  
u s i n g  a s e t  o f  Guassian  s i n g l e t s ,  whose p o s i t i o n s  on t h e  ene rg y  s c a l e  and 
h a l f - w i d t h  a r e  u s e r - s p e c i f i e d  (gu ided  by the  r e s u l t s  o f  t h e  f i r s t  s t a g e )  t o  
g iv e  a r e c o n s t r u c t e d  m u l t i p l e t .  Th is  i s  compared wi th  t h e  a c t u a l  peak  and a 
g o o d n e s s - o f - f i t  pa ram e te r  c a l c u l a t e d .  With p a t i e n c e  t h e  ro o t -m e a n - s q u a r e d  
e r r o r  can u s u a l l y  be reduced to  below 2%. R es id u a l  e r r o r  i s  due t o  t h e  r e a l  
components n o t  b e in g  G auss ian ,  w i th  i d e n t i c a l  h a l f - w i d t h s  ( t h e  ene rg y
d i s t r i b u t i o n  o f  t h e  unmonochromated r a d i a t i o n  i t s e l f  i s  n o t  G a u s s i a n ,  
c o n s i s t i n g  as i t  does o f  two components,  K . and Ka ^ ) ( 7 , 4 7 ) ,  and n o i s e  in  
t h e  s p e c t r a l  peak.  The p o t e n t i a l  sou rce  o f  g r e a t e s t  e r r o r ,  t h e  peak t a i l s ,  
a r e  c u t  o f f  by e x t e n d in g  a t a n g e n t  from t h e  peak  s lo p e  t o  t h e  b a s e l i n e  p r i o r  
t o  d e c o n v o l u t io n .
The r e s u l t  i s  a s e t  o f  components o f  t h e  main peak ,  whose en e rg y  p o s i t i o n s
may be r e l a t e d  to  chem ica l  s t r u c t u r e  and whose h e i g h t s  r e l a t e  t o  r e l a t i v e ,
c o n c e n t r a t i o n  in  t h e  sample.
[ 3 . 3 ]  DEPTH RESOLUTION IN XPS
S u r f a c e s ,  b e i n g  t h e  i n t e r f a c e s  between m a t e r i a l s  and t h e i r  e n v i ro n m e n t s ,
u s u a l l y  d i f f e r  in  com pos i t ion  o r  s t r u c t u r e  from th e  b u l k .  To i n v e s t i g a t e  
t h i s  d i f f e r e n c e ,  i t  i s  d e s i r a b l e  t o  a c h i e v e  dep th  r e s o l u t i o n  w i t h  XPS. T h i s
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s e c t i o n  d e s c r i b e s  t h r e e  common approaches  t o  " dep th  p r o f i l i n g " ,  and d i s c u s s e s  
a ve ry  im p o r ta n t  p a r a m e te r  i n  e l e c t r o n  s p e c t ro s c o p y  -  t h e  i n e l a s t i c  mean f r e e  
p a t h .
C3.3'13 THE INELASTIC MEAN FREE PATH, X
The p h o t o e l e c t r o n  f l u x  emerging from a sample i s  a t t e n u a t e d  by t h e  sample 
m a t r ix  i t s e l f ,  t h e  e l e c t r o n s  s u f f e r i n g  bo th  e l a s t i c  and i n e l a s t i c  ( en e rg y  
l o s i n g )  c o l l i s i o n s  w i th  t h e  m a t r ix  e l e m e n t s .  Those s u f f e r i n g  i n e l a s t i c  
c o l l i s i o n s  do n o t  appea r  i n  t h e  c h a r a c t e r i s t i c  p h o t o e l e c t r o n  peak b u t  
c o n t r i b u t e  i n s t e a d  t o  t h e  background r i s e  ( t h e  i n e l a s t i c  l o s s  t a i l ) .  The 
av e ra g e  d i s t a n c e  a p h o t o e l e c t r o n  t r a v e l s  b e f o r e  s u f f e r i n g  such a c o l l i s i o n  i s  
termed t h e  " i n e l a s t i c  mean f r e e  p a th "  ,X t and depends  upon bo th  t h e  e l e c t r o n  
energy  and t h e  sample m a t r i x  (4 8 ) .  A f t e r  t r a v e l l i n g  a d i s t a n c e  X th ro u g h  a 
sample,  an e l e c t r o n  f l u x  w i l l  be a t t e n u a t e d  by a f a c t o r  o f  1 -  1 /e  so  t h a t  
a t  a t a k e - o f f  an g le  0 ,  63$ o f  t h e  p h o t o e l e c t r o n s  c o n t r i b u t i n g  t o  a s p e c t r a l  
peak o r i g i n a t e  from w i t h i n  a d i s t a n c e  Xsin0 from the  sample s u r f a c e ,  86.5% 
from 2Xsin0,  and 95% from 3Xsin0 (a  d i s t a n c e  conmonly termed t h e  " d e p th  o f  
a n a l y s i s " ) . T h e re fo re  i n f o r m a t i o n  i s  n o t  d e r iv e d  in a un i fo rm  f a s h i o n  w i th  
r e s p e c t  to  d e p t h ,  so t h a t  t h e  p e r c e n t a g e  o f  th e  s i g n a l  a t t r i b u t a b l e  t o  an 
e l e m e n t ,  when c o r r e c t e d  f o r  s e n s i t i v i t y ,  u s u a l l y  does n o t  c o r r e s p o n d  d i r e c t l y  
to  t h e  c o n c e n t r a t i o n  o f  t h a t  e lem en t  in  t h e  sample ,  p a r t i c u l a r l y  when 
c o n c e n t r a t i o n  g r a d i e n t s  o b t a i n  ( s e e  c h a p t e r  5 ) .
U n f o r t u n a t e l y ,  t h e  measurement o f  X has  n o t  proven t o  be a s t r a i g h t f o r w a r d  
m a t t e r ,  and i s  s u b j e c t  t o  e f f e c t s  due to  d i f f e r e n t  sample m a t e r i a l s  b e i n g  
used (49 ) ,  v a r y in g  e x p e r i m e n t a l  p r o t o c o l s  ( 5 0 ) ,  p a t c h i n g  o f  o v e r l a y e r s  ( 5 1 ) ,  
co n ta m in a t io n  (52) and e l a s t i c  s c a t t e r i n g  o f  t h e  p h o t o e l e c t r o n s  ( 5 3 , 5 4 ) .
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Two b a s i c  a p p ro a c h e s  t o  t h e  ..’e x p e r i m e n t a l ;  measurement o f  X have  been  a d o p te d .
In  t h e  f i r s t ,  p u r e ,  c l e a n  samples  o f  t h e  e l e m e n t s  in  q u e s t i o n  a r e  examined 
under  i d e n t i c a l  e x p e r i m e n t a l  c o n d i t i o n s .  I f  o i s  known, t h e n  X r e l a t i v e  t o  
a s t a n d a r d  may be d e r i v e d  by compar ison o f  t h e  s i g n a l  i n t e n s i t y ,  u s i n g  
eqn.  ( 3 . 1 0 ) .  This  ap p ro ac h  has  been  used  e x t e n s i v e l y  by Cadman ( 5 5 - 5 7 ) .
The second method in v o l v e s  t h e  measurement  o f  t h e  e l e c t r o n  a t t e n u a t i o n  
t h r o u g h ,  o r  f l u x  from,  a t h i n  h e t e ro g e n e o u s  o v e r l a y e r  ( s e e  F i g .  3 . 7 ) .
Commonly th e  o v e r l a y e r  c o n s i s t s  o f  one o r  more l a y e r s  o f  a f a t t y  a c i d  
d e p o s i t e d  from a L a n g m u i r -B lo d g e t t  t r o u g h  ( 4 9 , 5 1 , 5 8 , 5 9 ) ,  so t h a t  t h e  l a y e r  
d ep th  can be a c c u r a t e l y  e s t i m a t e d .  A l t e r n a t i v e l y ,  a s h o r t e r  a m p h ip a th i c  
m olecu le  may be used  ( 6 0 ) ,  o r  a polymer f i l m  d e p o s i t e d  and t h e  t h i c k n e s s  
measured  by e l l i p s o m e t r y  ( 6 1 ,6 2 )  o r ,  f o r  example ,  a q u a r t z  m i c r o b a l a n c e  
t e c h n i q u e  ( 6 3 ) .  X i s  the n  d e r i v e d  u s in g  t h e  a p p r o p r i a t e  form o f  eqn .  ( 3 . 9 )  
( s e e  [ 3 .  333 ) .
e “
F i g .  3 .7  P h o t o e l e c t r o n  a t t e n u a t i o n  th ro u g h  an o v e r l a y e r
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T ab le  3 . 3  l i s t s  a number,  o f  measurements  o f  X fo r  e l e c t r o n  e n e r g i e s
TABLE 3 .3  INELASTIC NEAN FREE PATH V.ALUES FOR Cls PB3TELECTR0NS
EXCITATION PHOTOELECTRON MATERIAL
AIK
METHOD A(A) REF
MgK
ENERGY (eV) 
1201 arachidic acid 1 48±8 51
1201 cadmium arachidate 1 4S±8 51
1200 arachidic acid 2 a- a4/ 58
1200 barium stearate 0i. 57±10 59
1200 butylamide 2 46 60
1196 p(W'A) 2 29±4 61
1200 p(diacetylene) 2 110a 62
1202 p(p-xylylene) 2 23 • 63
1200 carbon 3 15.8 64
967 graphite 1 44 55
967 LDPE 1 101 56
967 PTFE 1 85 56
967 polyethylene tetraphthalate 1 81 56
967 polystyrene 1 89 56
967 PVC 1 100 56
967 polyimide 1 56 56
967 stear ic  acid 1 103 56
967 2-bromostearic acid ' 1 94 56
967 HDPE 1 100 56
967 diamond 1 18 57
967 graphite 1 81 57
969 p(p-xylylene) 2 14 63
>ETHOD 1: photoelectron in ten sity  comparison from pure material 
2: overlayer technique
3: calculated from theoretical considerations 
a: interpolated from other data presented
c o r r e s p o n d i n g  t o  t h e  C1s p h o t o e l e c t r o n .
The p r e c i s e  ene rg y -d ep e n d en ce  o f  X(E) i s  a f u n c t i o n  o f  t h e  sample and o f  t h e
0 77e l e c t r o n  a n a l y s e r .  T h e o r e t i c a l l y  X <= E • , ( 6 5 - 6 7 ) ,  however a v a lu e  a s  low
a s  0 . 5  f o r  t h e  exponen t  h a s  been  c la im ed  (51) ( o r  assumed ( 5 7 , 5 8 , 6 1 ) )  and one 
a n a l y s i s  q u o t e s  0 . 6 6 ± 0 .1 0  a s  an a v e r a g e  f o r  t h e  P h y s i c a l  E l e c t r o n i c s  550
77
s p e c t r o m e t e r  over  a r a n g e  o f  samples  ( 6 8 ) .
Seah (69)  has  c o l l e c t e d  d a t a  on X(E) from a wide range  o f  s o u r c e s ,  and s t a t e s
t h a t  f o r  o r g a n i c  compounds,  t h e  b e s t  f i t  t o  t h e  d a t a  i s  g iven by
i 9
X(E) = 49 /E2+0 .11E2 mg/m ( 3 . 1 9 )
where E i s  t h e  e l e c t r o n  k i n e t i c  e n e r g y .  The r e s u l t  i s  g iven  in  mg/m , and 
needs  to  be d i v i d e d  by th e  sample  d e n s i t y  t o  g i v e  a measure o f  X in  u n i t s  o f  
l e n g t h .  The X v a l u e s  used  in  t h i s  s t u d y ,  c a l c u l a t e d ,  from eqn.  ( 3 .1 9 )  above ,  
a r e  l i s t e d  in Tab le  3 . 4 .
TABLE 3.4 VALUES OF X(A)
Cls 28
Nls 26.5
01s 24.2
FIs 21.4
F2s 31.4
[ 3 .3 2 ]  ION ETCHING
This  d e s t r u c t i v e  method o f  d e p t h  p r o f i l i n g  i n v o l v e s  bombarding t h e  specimen 
w i th  a beam o f  i o n s ,  commonly Ar+ i o n s  (7 0 ) .  A c o n v e n i e n t  and commonly used
t e c h n i q u e  f o r  t h e  d e p t h  p r o f i l i n g  o f  i n o r g a n i c  spec im ens  ( 7 1 , 7 2 ) ,  i t  i s  o f
v e ry  l i t t l e  use i n  polymer s t u d i e s  (w i th  e x c e p t i o n s  (73) )• i n d u c i n g
d e g r a d a t i o n  o f  t h e  sample chem ica l  s t r u c t u r e .  In  t h e  b i o l o g i c a l  f i e l d ,
however ,  argon io n  e t c h i n g  has  found use  in  t h e  s t u d y  o f  t h e  f l u o r i d a t i o n  o f  
t o o t h  enamel (7 4 ,7 5 )  and t h e  s t u d y  of  human r e d  c e l l s  ( 7 6 ) ;  and oxygen 
plasma e t c h i n g ,  w hich  a s h e s  t h e  sample s u r f a c e ,  has  been employed in  t h e
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d e p th  p r o f i l i n g  o f  b a c t e r i a ' c e l l  w a l l s  (77 ) .
C o n s i d e r a t i o n  h a s  been g iven  t o  t h e  major a r t i f a c t s  en co u n te red  in ion  
e t c h i n g  (7 0 ,7 8 ) ,  namely,  d i f f e r e n t i a l  s p u t t e r i n g  o f  d i f f e r e n t  atoms,  ion  beam 
induced  r e d u c t i o n  o f  chem ica l  s t a t e ,  "knock-on" ,  s u r f a c e  damage (79) and 
n o n - u n i f o r m i ty  o f  e t c h i n g .
[3.331 VARIATION OF TAKE-OFF ANGLE
Cons ider  a f l a t ,  homogeneous s u b s t r a t e  covered  w i th  a un i fo rm ,  c o n t i g u o u s ,  
homogeneous o v e r l a y e r ,  t h e  XPS s i g n a l  from which i s  d i s t i n g u i s h a b l e  i n  some 
way from t h a t  o f  t h e  s u b s t r a t e  ( s e e  F ig .  3 . 7 ) .  An example o f  t h i s  would*be a 
s i l i c o n  c r y s t a l ,  t h e  s u r f a c e  o f  which has  been o x i d i s e d  so t h a t  t h e  s i l i c o n  
peaks from the  o x id e  l a y e r  a r e  c h e m ic a l ly  s h i f t e d  w i th  r e s p e c t  t o  t h e  
s u b s t r a t e  s i g n a l .
R e c a l l i n g  eqn .  ( 3 . 9 ) :
I.. “ c o f(^)p—  -1—  /* exp -------   dx
\E I dft sin0^o X (E)sin0
L e _
fo r  t h e  o v e r l a y e r  s i g n a l ,
sin0 X (E)sin0
( 3 . 2 0 ).
where K = F(Eo/E)P(da /df t)
which g ives
X (E)sin0
(3 .2 1 )
For  th e  s u b s t r a t e  s i g n a l
( 3 . 22 )
e
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g iv in g
I j  = C0KX (E)exp a e
-d
X (E )s in 0  e
(3 .2 3 )
E qua t ions  (3 .2 1 )  and ( 3 .2 3 )  can be used  to  e v a l u a t e  Xe (E) i f  d i s  known ( s e e
s o  ^
C 3 .3 1 ] ) .  C o n v e r s e ly ,  by o b s e r v in g  I  (©) o r  I  (©) o r  b o th ,  assuming *e (E)
i s  known, then  d can be r e a d i l y  c a l c u l a t e d .
Examples o f  t h e  u s e  o f  t h i s  n o n - d e s t r u c t i v e  t e c h n iq u e  in c lu d e  t h e  t h i c k n e s s  
d e t e r m i n a t i o n  o f  t h e  o x id e  l a y e r  on z in c  (7 8 ) ,  t h e  e v a p o r a t i o n  o f  Fe /N i a l l o y  
f i l m s  on s i l i c a  (8 0 ) ,  t h e  d e m o n s t r a t io n  o f  t h e  s u r f a c e  s p e c i f i c i t y  o f  t h e  
a d s o r p t i o n  o f  s i l v e r  i o n s  from s o l u t i o n  by an epoxy e s t e r  r e s i n  ( 8 1 ) ,  t h e  
s tu d y  of  t h e  p a t t e r n  o f  t h e  a d s o r p t i o n  o f  Ca, Si  and P from s o l u t i o n  on 
G i b b s i t e  (A1(0H)^) (82 ) ,  and t h e  exam ina t ion  o f  m u l t i p h a s e  s e g r e g a t e d  
polymers  t o  e l u c i d a t e  t h e  s u r f a c e  topo g rap h y  (8 3 ) .
S e v e r a l  good e x p o s i t i o n s  o f  t h e  method e x i s t  ( 8 - 1 1 ) ,  which  d e a l  w i th  
phenomena such a s  t h e  e f f e c t s  o f  s u r f a c e  roughness  ( 8 4 ) ,  i n s t r u m e n t a l  
e f f e c t s  ( 8 5 ) ,  " p a t c h i n g ” o f  t h e  o v e r l a y e r  and sample inhom ogeneity  ( 8 6 ) .  An 
e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  v e r t i c a l l y  and l a t e r a l l y  inhomogeneous samples  
has  been conduc ted  by Cla rk  (87 ) .
The method o f  v a r y in g  t h e  e l e c t r o n  t a k e - o f f  an g le  has  a l s o  been a p p l i e d  to  
t h e  s t u d y  o f  s i n g l e  c r y s t a l s  ■ and c e r t a i n  m i n e r a l s  w i th  w e l l - o r d e r e d  l a y e r  
s t r u c t u r e s  ( 9 - 1 1 , 8 8 ) .  The method becomes more powerfu l  i f  t h e  a z i m u th a l  
ang le  i s  v a r i e d  as w e l l  ( i e .  r o t a t i n g  t h e  specimen about  t h e  normal t o  i t s  
s u r f a c e ) ,  t h e  r e s u l t s  b e in g  d i s p l a y e d  on a p o l a r  d iagram (89 ) .  V a r i a t i o n s  in
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t h e  i n t e n s i t i e s  o f  th e  a p p r o p r i a t e  peaks th e n  co r respond  to  t h e  e c l i p s i n g  o f  
t h e  atoms from which t h e y  o r i g i n a t e  by o t h e r  atoms in  t h e  s t r u c t u r e ,  so t h a t  
t h e s e  t y p e s  o f  measurements c o n t a i n  a g r e a t  d e a l  o f  c r y s t a l l o g r a p h i c  
i n f o r m a t i o n .
[3 .3^3 VARIATION OF MEAN-FREE-PATH
R e f e r r i n g  a g a i n  t o  e q u a t i o n s  (3 .2 1 )  and ( 3 . 2 3 ) ,  i t  i s  e v i d e n t  t h a t  t h e
v a r i a t i o n  o f  t h e  p h o t o e l e c t r o n  e n e rg y ,  and hence t h e  i n e l a s t i c  mean f r e e
p a t h ,  w i l l  a l s o  a l l o w  t h e  c a l c u l a t i o n  o f  t h e  l a y e r  d e p th ,  i f  0 i s  known. X 
may be v a r i e d  in two ways; by comparing two p h o t o e l e c t r o n  peaks  from th e
same element which have s u f f i c i e n t  ene rg y  s e p a r a t i o n  (eg .  t h e  1s and 2p
p e a k s ) ,  o r  by changing  t h e  i n c i d e n t  photon energy  (eg .  s w i t c h i n g  from AlKa 
t o  MgKa ) .  Consider  t h e  s u b s t r a t e  s i g n a l  f o r  t h e  two p h o t o e l e c t r o n  e n e r g i e s  E 
and Ef :
( 3 .2 4 )
(3 .25 )
th en
sin0 X„ X.
( 3 . 2 6 ).
so t h a t  i f  K, K1 , and Xg a r e  known, d i s  r e a d i l y  c a l c u l a t e d .
Examples o f  t h i s  method in  u se  i n c lu d e  t h e  s t u d y  of  ox ide  l a y e r s  on aluminium 
and n i c k e l  (by s w i tc h in g  x - r a y  anodes)  (72 ) ,  and o f  Ni0/ S i 02 c a t a l y s t s  
( u s in g  two p h o t o e l e c t r o n  l i n e s  from th e  same element)  ( 9 0 ) .
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This  method should  be c o n s i d e r e d  weaker th a n  t h e  v a r i a t i o n  o f  t a k e - o f f  a n g l e ,  
a s  t h e  worker i s  u s u a l l y  l i m i t e d  to  two o b s e r v a t i o n s  ( i e .  two r a d i a t i o n  
s o u rc e s  o r  two u s e f u l  p h o t o e l e c t r o n  l i n e s )  and i s  r e q u i r e d  to  s p e c i f y  a 
d i f f e r e n t  X and cr fo r  each  measurement ;  i t  i s  in  t h e  a s s u m p t io n s  r e g a r d i n g
X and a t h a t  t h e  main s o u r c e s  o f  e r r o r  l i e .  Th is  i s  t o  be s e t  a g a i n s t  t h e
main e x p e r i m e n t a l  s o u r c e s  o f  e r r o r  i n  t h e  t a k e - o f f  ang le  v a r i a t i o n  t e c h n i q u e ,  
namely ,  e r r o r  i n  t h e  measurement o f  I  and 0 a t  h ig h  0 ,  and s u r f a c e  roughness  
a t  low 0 ( 9 1 ) .
[ 3 . 4 ]  APPLICATIONS OF XPS
[3 .4 1 ]  METALLIC SAMPLES
The XPS t e c h n i q u e  has  proven t o  be a pow erfu l  t o o l  in  t h e  s t u d y  o f  c o r r o s i o n
p r o c e s s e s  (72)  and t h e  fo rm a t io n  o f  ox ide  f i l m s .  Examples i n c lu d e  t h e
a d s o r p t i o n  o f  oxygen and t h i n  ox ide  fo rm a t ion  on i r o n  s u r f a c e s  (9 2 ) ,  t h e  
r e a c t i o n  o f  oxygen and w a te r  vapour  w i th  i r o n  (93) and o t h e r  m e t a l s  ( 9 4 ) ,  
m e ta l  o x i d a t i o n  (95) and m e ta l  o x id e s  ( 9 6 ) , and t h e  s tu d y  of  p a s s i v a t i o n  
f i l m s  (97 ) .
A common method o f  measur ing  t h e  o x id e  f i l m  dep th  in  t h e s e  s t u d i e s ,  where t h e  
f i l m  i s  o f t e n  grown in s i t u  by i n t r o d u c i n g  oxygen i n t o  t h e  s p e c t r o m e t e r  and 
h e a t i n g  t h e  specimen,  i s  by m o n i to r in g  t h e  decay  o f  t h e  m e t a l l i c  peak 
i n t e n s i t y .  I f  t h e  s i g n a l  from th e  f r e s h l y  i n t r o d u c e d ,  c l e a n  m e ta l  sample i s  
1^,  th e n  t h e  ox ide  f i l m  d ep th  i s  r e a d i l y  e s t i m a t e d  from t h e  s u b s t r a t e  s i g n a l  
from eqns .  (3 .1 0 )  and ( 3 . 2 0 ) :
( 3 .2 7 )
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[3 .4 2 ]  MINERALS
XPS has been  employed to  good e f f e c t  in  t h e  s tu d y  of  m i n e r a l  s u r f a c e  
c h e m is t r y  (3 2 ) ,  and s p e c i a l  t e c h n i q u e s  in v o l v in g  t h e  u se  o f
B r a n s s t r a h lu n g - i n d u c e d  Auger peaks and a novel  S i  x - r a y  s o u rce  have been 
deve loped  by C a s t l e  and West ( 2 8 , 2 9 , 3 7 ) .  S t u d i e s  have  been  made on t h e  
chem ica l  n a t u r e  o f  s i l i c a t e  l a t t i c e  e l em en t s  ( 9 8 ) ,  m i n e r a l  r e a c t i v i t y  (99) 
and t h e  a d s o r p t i o n  o f  i o n i c  s p e c i e s  from s o l u t i o n  (82,  100 ,101).
The l a s t  o f  t h e s e  a p p l i c a t i o n s  makes good use o f  th e  s u r f a c e  s e n s i t i v i t y  o f
XPS, an example be in g  t h e  s t u d y  o f  ca lc ium  and s i l i c o n  a d s o r p t i o n  t o
G i b b s i t e ,  which has  r e l e v a n c e  t o  t h e  f e r t i l i s a t i o n  o f  t r o p i c a l  s o i l s  ( 1 0 2 ) .
2+S t u d i e s  o f  t h e  a d s o r p t i o n  o f  Ba t o  c a l c i t e  have  been made by combining XPS
exam ina t ion  o f  t h e  m i n e r a l  s u r f a c e  w i th  a tomic  a b s o r p t i o n  s p e c t r o p h o t o m e t r y
o f  th e  s u p e r n a t a n t  s o l u t i o n  (1 0 3 ,1 0 4 ) .  I t  was.shown t h a t  t h e  e s t i m a t e  o f  
2+adsorbed  Ba ion  o b t a in e d  by t h e  two t e c h n iq u e s  c o r r e l a t e d  v e r y  w e l l ,
-9  2i n d i c a t i n g  a d e t e c t i o n  l i m i t  f o r  XPS o f  10 g/cm o f  adsorbed  s p e c i e s .  
[3.433 ORGANIC MOLECULES
As mentioned p r e v i o u s l y ,  XPS has been a p p l i e d  t o  t h e  s t u d y  o f  t h e  com pos i t ion ,  
o f  the  c e l l  w a l l s  o f  b a c t e r i a  (76 ,105)  and human red  b lood  c e l l s  ( 7 7 ) ,  and 
t h e  b i o l o g i c a l  a p p l i c a t i o n s  o f  XPS have  been reviewed (106) .  The t e c h n i q u e
i s  l i m i t e d  in i t s  u s e f u l n e s s ,  however,  by th e  need to  i r r a d i a t e  t h e  spec im ens
w i th  x - r a y s  in  a h ig h  vacuum (107 ,1 0 8 ) .
XPS s t u d i e s  o f  p r o t e i n s  (108) have n o t  proven u s e f u l  in p r o v i d i n g  s t r u c t u r a l  
i n f o r m a t i o n ,  a s  t h e  wide spec t rum o f  bond ty p e s  p r e s e n t  in  p r o t e i n s  r e n d e r s
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t h e  ca rb o n  and oxygen peaks  e x t r e m e ly  d i f f i c u l t  t o  d e c o n v o lu te .  However i t  
h a s  been  shown t h a t  t h e  n i t r o g e n  peak c o n s i s t s  o f  two major components,  one 
be in g  c h a r a c t e r i s t i c  o f  t h e  backbone  p e p t i d e  l i n k a g e s ,  t h e  o t h e r  o f  n i t r o g e n  
in  t h e  s i d e  c h a i n s ,  c a p a b l e  o f  forming z w i t t e r i o n s  (N+ ) and showing a 
chem ica l  s h i f t  (1 0 9 ,1 1 0 ) .  The q u a n t i t a t i v e  e s t i m a t i o n  o f  p r o t e i n  i n  g r a i n  by 
XPS (1 1 0 ,1 1 1 ) ,  u t i l i s i n g  t h e  n i t r o g e n  and s u lp h u r  l i n e s ,  has  shown good 
c o r r e l a t i o n  w i th  c h em ica l  methods .
The e l e c t r o n i c  s t r u c t u r e  o f  p s y c h o t r o p i c  d rugs  (112) and n a r c o t i c s  (113) has  
a l s o  been i n v e s t i g a t e d  u s in g  XPS, p r o v i d i n g  c o r r e l a t i o n s  w i th  d rug  a c t i v i t y .
Organic m o lecu le s  w i t h  u n s a t u r a t e d  bonds ,  e s p e c i a l l y  th o se  w i th  a r o m a t i c  r i n g
s t r u c t u r e s ,  e x h i b i t  s p e c t r a l  f e a t u r e s  known as  " shakeup” s a t e l l i t e s .  An
example,  in  F ig .  3 . 8 ,  shows t h e  C1s peak o f  p o l y s t y r e n e ,  w i th  t h e  sh ak e -u p
s a t e l l i t e  s h i f t e d  Vf eV t o  t h e  h i g h  b in d i n g  ene rg y  s i d e .  The e j e c t i o n  o f  a
*p h o t o e l e c t r o n  from an a ro m a t ic  ca rbon  atom may cause  a it -Hr t r a n s i t i o n  m  
t h e  m o l e c u la r  o r b i t a l  o f  th e  r i n g  s t r u c t u r e ,  the  energy  o f  which t r a n s i t i o n ,  
b e in g  s u b t r a c t e d  from t h e  k i n e t i c  ene rgy  o f  th e  p h o t o e l e c t r o n ,  g i v i n g  r i s e  t o  
t h e  11 shake-up” and ” s h a k e - o f f ” ( t h e  accompanying l i b e r a t i o n  o f  a f  e l e c t r o n  
from t h e  m . o . )  s a t e l l i t e s  a t  h ig h e r  b in d i n g  e n e rg y .  ”Shake-up” s a t e l l i t e s  
have been r e p o r t e d  in t h e  XPS s p e c t r a  o f  s o l i d  benzene (114) and o t h e r  
acenes  (115) ,  a l k a n e - s t y r e n e  polymers  (116) and s u b s t i t u t e d
p o l y s t y r e n e s  (117) .
The in f o r m a t io n  c o n t a i n e d  in t h e  " v a l e n c e - b a n d ” o f  t h e  XPS s p e c t r a  o f  o r g a n i c  
m o lecu le s  (0-40 eV b in d i n g  energy)  has  been i n v e s t i g a t e d  by 
P i r eaux  (118-121) .  Th is  r e g io n  o f  t h e  s pec t rum ,  commonly p ro b e d  in  t h e  
U l t r a v i o l e t  P h o t o e l e c t r o n  Spec t roscopy  (UPS) (122-124) o f  gaseous  m o l e c u l e s ,
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F ig . 3 .8  Cls peak o f p o ly s ty re n e , w ith  a "shake-up" s a t e l l i t e  
a t  291 eV b in d in g  energy
has  been  shown t o  c o n t a i n  i n f o r m a t i o n  about  s u b s t i t u t i o n ,  s t r u c t u r a l  
i som e r i sm ,  c h a i n  l e n g t h  (125) and c r y s t a l l i n i t y .  Al though XPS v a l e n c e  band 
s p e c t r a  a r e  l e s s  w e l l  r e s o l v e d  t h a n  t h o s e  o b t a i n e d  from UPS, t h e y  a r e  l e s s  
s u s c e p t i b l e  t o  c o n t a m i n a t i o n ,  t h e  p h o t o e l e c t r o n s  hav ing  c o n s i d e r a b l y  h i g h e r  
k i n e t i c  e n e r g i e s .
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[3 .4 4 ]  SYNTHETIC POLYMERS " '
The s tu d y  of  polymer s u r f a c e s  w i th  XPS has  p rov ided  i n f o r m a t i o n  u n o b t a i n a b l e  
by o t h e r  methods ,  and has  been reviewed by Cla rk  (14) and o t h e r s  (12 6 -1 2 8 ) .  
In a d d i t i o n  t o  p r o v i d i n g  a s imple  method o f  " f i n g e r p r i n t i n g "  polymers  o f  
known chemica l  s t r u c t u r e  (1 5 ) ,  XPS has been used to  e l u c i d a t e  t h e  
chem ica l  (129) and t o p o l o g i c a l  (83) s t r u c t u r e s  o f  novel  p o ly m e rs .  XPS has 
a l s o  proven u s e f u l  fo r  i n v e s t i g a t i n g  polymers  whose s u r f a c e  c o m p o s i t io n  and 
s t r u c t u r e  d i f f e r s  from the  bu lk  and i s  a f u n c t i o n  o f  f a b r i c a t i o n  
h i s t o r y  (130-132) ,  and in t h e  e l u c i d a t i o n  o f  such phenomena as  t h e  
disbondment o f  polymer c o a t i n g s  from m e ta l s  ( 8 1 ,1 3 3 ,1 3 4 ) .
The s u r f a c e  s p e c i f i c i t y  o f  th e  t e c h n i q u e  makes i t  an i n v a l u a b l e  t o o l  f o r  t h e  
i n v e s t i g a t i o n  o f  c h e m ic a l ly  m od i f ied  polymer s u r f a c e s ,  which  have  numerous 
i n d u s t r i a l  a p p l i c a t i o n s ,  eg .  i n  p ro v id i n g  a p r i n t a b l e  s u r f a c e  (1 3 5 ) .  A 
th orough  i n v e s t i g a t i o n  o f  th e  XPS spec t rum ,  i n  p a r t i c u l a r  t h e  f i n e  s t r u c t u r e  
o f  t h e  CIs peak (16 ,17 )  p r o v id e s  a d e t a i l e d  p i c t u r e  o f  t h e  c h em ica l  changes  
t a k i n g  p la c e  as  s u r f a c e  m o d i f i c a t i o n  p r o c e e d s .  Much work has  been done on 
t h e  o x i d a t i o n  (17 ,136-141)  and f l u o r i n a t i o n  (142 ,143)  o f  p o l y e t h y l e n e  and 
o t h e r  polymers  ( 1 7 ,1 4 4 , 1 4 5 ) ,  p r o v i d i n g  a m ean in g fu l  c h a r a c t e r i s a t i o n  o f  t h e  
m od i f ied  s u r f a c e  and f a c i l i t a t i n g  t h e  o p t i m i s a t i o n  o f  t h e  m o d i f i c a t i o n  
t e c h n i q u e .
The XPS a n a l y s i s  o f  o x y g e n - c o n t a in i n g  polymers  may be f u r t h e r  enhanced  by t h e  
use  o f  chem ica l  l a b e l s  t o  t a g  c e r t a i n  f u n c t i o n a l  groups  (1 4 6 ) .  F o r  example ,  
pendan t  group o r i e n t a t i o n  in  a hydroxypropy l  m e t h a c r y l a t e  -  m e thy l  
m e t h a c r y l a t e  copolymer have been i n v e s t i g a t e d  as a f u n c t i o n  o f  HPMA 
c o n c e n t r a t i o n  by r e a c t i n g  th e  polymer s u r f a c e  w i t h  gaseous
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t r i f l u o r o a c e t i c  a n h y d r id e  ( t o  t a g  th e  hydroxy groups w i th  F atoms) and 
gaseous  HC1 ( t o  t a g  t h e  epoxy groups  w i th  a Cl atom) (131) .  S i m i l a r  
t e c h n i q u e s  employing F ,  Br and Na t a g s  to  i n v e s t i g a t e  t h e  s u r f a c e  s t r u c t u r e  
o f  p l a s m a - t r e a t e d  p o ly e t h y l e n e  (147) and a F - c o n t a i n i n g  a c i d  c h l o r i d e  t o  
l a b e l  t h e  hyd roxy l  and a c e t a t e  g roups  on po ly  ( v i n y l  c h l o r i d e  /  v i n y l  a c e t a t e  
/  v in y l  a l c o h o l )  t e r - p o l y m e r s  (132) have been d e s c r i b e d .
[ 3 .5 ]  PROBLEMS IN THE XPS ANALYSIS OF POLYMERS
Many o f  t h e  t r a d i t i o n a l  t o o l s  o f  XPS a n a l y s i s ,  such as  t h e  o b s e r v a t i o n  o f  
peak  s h i f t s  and argon io n  e t c h i n g  canno t  u s u a l l y  be a p p l i e d  t o  t h e  a n a l y s i s  
o f  po lymers ,  which a r e  g e n e r a l l y  r e a d i l y  decomposed i n s u l a t o r s .  Much o f  t h i s  
s t u d y  has  been s p e n t  i n  t h e  development o f  t e c h n iq u e s  t o  meet t h e  p roblems 
posed in  t h e  XPS a n a l y s i s  o f  po lym ers ,  some o f  which a r e  d e t a i l e d  below:
a) As mentioned  above ,  polymers  a r e  n o t  s u f f i c i e n t l y  s t a b l e  t o  make io n  
e t c h i n g  a v i a b l e  means o f  dep th  p r o f i l i n g .  Fu r the rm ore  t h e y  may n o t  
even be s t a b l e  i n  t h e  s p e c t r o m e t e r  x - r a y  beam, so t h a t  t h e i r  a p p a r e n t  
com posi t ion  changes w i th  a n a l y s i s  t i m e .  As t h e  e x p e r i m e n t a l  
s e n s i t i v i t i e s  f o r  t h e  e l em en t s  commonly found,  namely ca rbon ,  oxygen and 
n i t r o g e n ,  i s  low (compared to  most m e t a l s ) ,  a compromise t h e r e f o r e  needs-  
t o  be r eached  between t h e  t ime n e c e s s a r y  t o  g e t  a r e a s o n a b l e  
s i g n a l - t o - n o i s e  r a t i o  and t h e  p r o g r e s s i v e  change in a p p a r e n t  c o m p o s i t io n  
o f  the  sample .
b) A l l  low m .w .  s p e c i e s  t h a t  might  m i g r a t e  t o  t h e  s u r f a c e  o f  t h e  
polymer (such a s  r e s i d u a l  monomer, s t a b i l i s e r  o r  s o l v e n t )  must be 
th o r o u g h l y  removed p r i o r  t o  XPS a n a l y s i s .  Even a t r a c e  o f  such an
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im p u r i t y  ( e x p re s s e d  as a f r a c t i o n  o f  t h e  bu lk  w eigh t )  may s e r i o u s l y  
d i s t o r t  t h e  XPS a n a l y s i s  o f  t h e  sample i f  c o n c e n t r a t e d  a t  t h e  s u r f a c e .
c) The same a p p l i e s  f o r  c o n t a m in a t io n  o f  t h e  s u r f a c e  by,  f o r  example,
a d v e n t i t i o u s  ca rbon  in  t h e  s p e c t r o m e t e r .  This  i s  l i k e l y  t o  be a majo r  
problem i f  t h e  a n a l y s i s  o f  h y d ro g e l s  i s  t o  be a t t e m p t e d ,  a s  t h e y  would 
have to  be c o o le d  to  c ry o g e n ic  t e m p e r a t u r e s  t o  avo id  t h e  e v a p o r a t i o n  o f  
w a te r  from t h e  m a t e r i a l .  Under such c o n d i t i o n s  th e  sample i s  c e r t a i n  t o  
a c t  as  a t r a p  f o r  co n ta m in a n t s  o f  a l l  k in d s  t h a t  a r e  u n a v o id a b ly  p r e s e n t  
in  t h e  s p e c t r o m e t e r  vacuum.
d) The s h a r p l y - d e f i n e d  l a y e r  s t r u c t u r e s  amenable t o  a n a l y s i s  by t h e  
v a r i a t i o n  o f  t h e  t a k e - o f f  a n g l e  ( s e e  [ 3 .3 3 1 )  a r e  most  u n l i k e l y  t o  a r i s e  
in  t h e  s u r f a c e  o f  a polymer.  The c h a i n  l e n g th  o f  t h e  polymer
macromolecules  can e a s i l y  exceed  t h e  ^50  A sampl ing  d ep th  o f  t h e  XPS 
t e c h n i q u e ,  so t h a t  i n  c e r t a i n  c i r c u m s ta n c e s  t h e  r e p e a t  u n i t  may n o t  even 
be sampled .  I f  t h e  s u r f a c e  r e g io n  o f  a polymer sample i s  t o  have  any 
d i s c e r n a b l e  s t r u c t u r e  a t  a l l ,  i t  i s  most l i k e l y  t o  c o n s i s t  o f  a
c o n c e n t r a t i o n  g r a d i e n t  r a t h e r  th a n  a w e l l  d e f i n e d  i n t e r f a c e  between two 
components.  The m a them a t ic s  o f  m o d e l l in g  such a c o n c e n t r a t i o n  g r a d i e n t  
fo r  a p p l i c a t i o n  t o  XPS a n a l y s i s  t u r n s  ou t  t o  be q u i t e  c o m p l ic a te d  ( s e e  
c h a p t e r  5) and has  n o t  been f u l l y  worked ou t  p r e v i o u s l y .
In  t h e  n e x t  two c h a p t e r s  t h e s e  p o i n t s  w i l l  be developed  more f u l l y ,  and t h e
s o l u t i o n s  deve loped  in  t h i s  s t u d y  to  t h e  problems posed w i l l  be d e t a i l e d .
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[ 4 .0 ]  MATERIALS AND METHODS
[ 4 . 1 ]  MODEL POLYMERS
The range  of  model polymers  used  in t h i s  s t u d y  was developed  ( p r i o r  t o  t h i s  
s t u d y ’ s c o n c e p t io n )  w i th  t h e  aim o f  p roduc ing  pure , w e l l  c h a r a c t e r i s e d  
m a t e r i a l s  ( 1 ) ,  which has  made them i d e a l  from the  p o i n t  o f  view o f  t h e  XPS 
a n a l y s i s t .  In t h i s  s e c t i o n  t h e  s y n t h e s i s  and c h a r a c t e r i s a t i o n  o f  t h e  model 
polymers  i s  d e t a i l e d .
[4 .1 1 ]  CHOICE AND PURIFICATION OF MONOMERS
Four a c r y l i c  monomers were chosen t o  f u l f i l  t h e  fo l l o w i n g  r e q u i r e m e n t s :
i )  That  t h e  po lymers  be r e a d i l y  s y n t h e s i s e d  in house  so  t h a t  t h e i r  
c o m p o s i t io n s  could  be c o n t r o l l e d .
i i )  That  the  polymers  r e q u i r e  no s t a b i l i s e r s ,  t o  ensure  p u r i t y .
i i i )  That  the  m o lecu la r  weight  range  be c o n t r o l l e d  and nar row  to  e n s u re  
t h e r e  would be no low m o le c u la r  w eigh t  l e a c h a b l e s .
i v )  That  random copolymers  be formed so t h a t  t h e i r  p r o p e r t i e s  would be 
c o n t i n u o u s l y  v a r i a b l e .
v) That  the  com pos i t ion  r an g e  o f  each polymer be so narrow as t o  en s u re  
no o v e r l a p  o f  v a r i o u s  members o f  th e  s e r i e s  .
95
v i ) T ha t  a f u l l  c h a r a c t e r i s a t i o n  o t  s t r u c t u r e  and p r o p e r t i e s  should  be 
c a r r i e d  o u t .
v i i )  Tha t  t h e  f a b r i c a t i o n  and s t e r i l i s a t i o n  o f  t e s t  samples  be 
f a c i l i t a t e d  w i th o u t  change in p r o p e r t i e s .
CH,
i 3
Methyl m e t h a r y l a t e  (MMA) ^ 2 ” ?
C-O-CH.
II 3
0
was chosen as  t h e  h y d ro p h o b ic ,  n e u t r a l  monomer, a c r y l i c  a c i d  (AA)
CH =CH 
2 I 
C-OH 
II 
0
as  th e  h y d r o p h i l i c ,  n e g a t i v e  cha rge  forming monomer  ^ d im e th y l  amino e t h y l  
m e t h a c r y l a t e  (DMAEMA) *
CH2 ? .CH3
C-0-CHo-CHo-N
II 2 2 N n t r
0 3
a s  t h e  h y d r o p h i l i c ,  p o s i t i v e  c h a rg e - fo rm in g  monomer and hydroxy e t h y l
m e t h a c r y l a t e  (HEMA) CH^
CH =C 
1 l
C-O-CH -CH -OHII z z
o
a s  th e  h y d r o p h i l i c ,  n e u t r a l  monomer. A l l  monomers were washed e x t e n s i v e l y  
and p u r i f i e d  by vacuum d i s t i l l a t i o n .
[4 .1 2 ]  POLYMER SYNTHESIS
Vinyl  monomers can be po ly m er i sed  by f r e e - r a d i c a l  mechanisms,  r e s u l t i n g  in 
few i n t e r m e d i a t e s  between monomer and h igh  polymer.  The p r o c e s s  may be 
d iv id e d  i n t o  fou r  s t a g e s :
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i )  F ree  r a d i c a l  g e n e r a t i o n ;  t h e  d e g r a d a t io n  o f  an i n i t i a t o r  molecule 
( i n  t h i s  c a s e  a z o b i s i s o b u t y r o n i t r i l e )  under the  a c t i o n  o f  h e a t  or  
u l t r a v i o l e t  l i g h t  to  produce f r e e - r a d i c a l  s p e c i e s  (deno ted  R» , t h e  d o t  
r e p r e s e n t i n g  a h i g h l y  r e a c t i v e  u n p a i re d  e l e c t r o n ) .
(CH„) -CN=NC-(CEL)9 ---------   2 (C H j . -C *  + N0
3 2 1  ' 3 h e a t  3 2 1 2CN NC N-C
R*
i i )  I n i t i a t i o n ;  t h e  f r e e  r a d i c a l  a t t a c k s  the  doub le  bond o f  t h e  a c r y l i c  
monomer and t h e  a c t i v e  c e n t r e  i s  t r a n s f e r r e d  to  t h e  o p p o s i t e  end o f  t h e  
r e s u l t i n g  m o le c u le .
X
I
R- + CH2=CXY  ► R-CH2-C*
Y
i i i )  P ro p o g a t io n ;  more monomers a r e  added t o  th e  c h a in  by t h e  same 
mechanism.
Y Y Y
I I !
R-CHL-C* + x(CH -CXY) ---------   R-(CH0-C) -CH -C«2 | 2 2 | x  2 j
X X X
i v )  T e rm in a t io n ;  an ev e n t  where two f r e e - r a d i c a l  groups  r e a c t  t o g e t h e r  
and p o l y m e r i s a t i o n  s t o p s .  There a r e  two meachanisms f o r  th i s : -  
combination  and d i s p r o p o r t i o n a t i o n .
X Y
i I
R-(CH0-CXY) -CH0-C* + • C-CH - (CXY-CH0) -R 2 x 2 | i 2 2 y
Y X
X Y
i I
R-(CH2-CXY)x+1 (CXY-CH2) y+1 R 'R-(CH2-CXY)x-CH2-CH + C=CH-(CXY-CH2) y-R
Y X
com bina t ion  d i s p r o p o r t i o n a t i o n
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The m o lecu la r  weight  o f  t h e  polymeh produced i s  given in  t e rm s  o f  t h e  
c o n c e n t r a t i o n  o f  monomer and i n i t i a t o r  by
m o le c u la r  weigh t  o f  polymer = [monomer] / [ i n i t i a t o r ] ^
pMMA , PCMMA/HEMA) and p(MMA/DMAEMA) were p rep a red  by s o l u t i o n  p o l y m e r i s a t i o n  
as  f o l l o w s :  200g o f  p u r i f i e d  monomer ( o r  monomer m ix tu re  o f  th e  a p p r o p r i a t e
com pos i t ion )  was added to  300ml o f  bu tanone  wi th  0 .2g  o f  i n i t i a t o r  in  a 
s t i r r e d  r e a c t i o n  v e s s e l  m a in ta in e d  in a w ate r  b a th  a t  8cPc and th e
p o l y m e r i s a t i o n  a l lowed  to  p roceed  under  r e f l u x  fo r  5 h o u r s .  The s o l u t i o n  was 
th en  co o le d ,  d i l u t e d  w i th  500ml o f  butanone  and poured s lo w ly  i n t o  a l a r g e  
volume o f  p e t ro l e u m  s p i r i t  t o  p r e c i p i t a t e  t h e  polymer .  This  was th e n  washed 
in pe t ro l e u m  s p i r i t  ( t o  remove r e s i d u a l  hydrophobic  monomer) and vacuum 
d r i e d .  I f  h y d r o p h i l i c  monomer's had been u sed ,  th e  polymer was r e d i s s o l v e d  in 
a c e to n e ,  p r e c i p i t a t e d  in d i s t i l l e d  w a te r  and e x t e n s i v e l y  washed in  d i s t i l l e d  
w a te r  b e f o r e  d r y i n g  o v e rn ig h t  a t  60°C i n  a vacuum oven .  The r e a c t i v i t y
r a t i o s  o f  t h e  MMA/AA sys tem being  i n c o m p a t i b l e  w i th  random c o p o l y m e r i s a t i o n  
as  d e s c r i b e d  above ,  a monomer f eed  sys tem was d ev i sed  ( 2 ) .  P o l y m e r i s a t i o n  
was i n i t i a t e d  as above u s in g  a p o r t i o n  o f  the  r e a c t a n t s ,  t h e  remainder  b e i n g
fed  in t o g e t h e r  w i th  0.1% o f  i n i t i a t o r  by a m e te r in g  pump. The e f f e c t  o f
t h i s  i s  t o  f o r c e  t h e  monomers to  p o ly m e r i s e  w i th  each  o t h e r  in  t h e  d e s i r e d  
p r o p o r t i o n  by l i m i t i n g  t h e i r  a v a i l a b i l i t i e s  in  t h e  r e a c t i o n  m i x t u r e .  A f t e r  
2 hours  th e  r e a c t i o n  was quenched and t h e  polymer c l eaned  u s in g  t h e  doub le  
e x t r a c t i o n  p ro c e d u r e  o u t l i n e d  above .
M olecu la r  c h a r a c t e r i s a t i o n  was o b t a i n e d  u s in g  Gel Perm ea t ion  Chromatography
( i n  DMAC c o n t a i n i n g  0.2% LiBr  ( 3 ) )  and c o m p o s i t i o n a l  a n a l y s i s  was performed 
13u s in g  C NMR. As a r e s u l t  o f  the  ex t reme c a r e  taken  in  t h e  s y n t h e s i s  o f  
t h e s e  po lym ers ,  t h e i r  c o m p o s i t io n s  were v e ry  c l o s e  t o  t h e  i n t e n d e d  v a l u e s ,
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TABLE 4 .1  MODEL ACRYLIC COPOLYMERS
CODE M “.HYDROPHILIC
SPECIES
V 10' 2 V 10' 3 “.H,0 (WET WT) 
DIST WATER
“.h2o cket WT) 
PBS
On 100 0 101 170 2.8 3.2
20n 81 19 HEM 170 360 7.0 6.1
20n20+ 62 19 HEMA 
19 DMAEMA
76 140 16.6 32.6
10- 90 10 AA 116 160 5.8 5.8
15- 85 15 AA 107 150 10.6 14.0
17.5- 82.8 17.2 AA 116 160 15.0 17.6
20- 80.2 19.8 AA 110 160 27.9 38.7
20+ 82 18 DMAEMA 96 180 7.2 6.8
40+ 62 38 DMAEMA 86 170 24.8 *
50+ 51 49 DMAEMA 80 165 t t
60+ 43 57 EMAEMA 73 160 soluble soluble
*: very high, polymer too swollen to handle 
t: data not available
eg.  fo r  ”60+" , d e s ig n e d  to  be 40% MMA and 60% DMAEMA i n  monomer t e r m s ,  t h e  
a c t u a l  co m p o s i t io n  was measured as 43±3% MMA and 57±3% DMAEMA. T ab le  4 .1  
l i s t s  t h e  po lymers  s t u d i e d  in t h e  p r e s e n t  work and d e t a i l s  some o f  t h e i r  
c h a r a c t e r i s t i c s .
[ 4 . 2 ]  SAMPLE HANDLING
A l l  samples  were s t o r e d  in such a way t h a t  t h e i r  s u r f a c e s  were i n  c o n t a c t  
o n l y  w i th  a i r ,  eg .  by im p a l i n g  polymer coupons on p i n s ,  o r  s t o r i n g  in  a
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g l a s s  tube  o f  s u i t a b l y  smal l  d i a m e t e r .  '
Samples o f  polymer c u t  from a c a s t  f i l m  (such as those  used  in t h e  p r o t e i n  
a d s o r p t i o n  s t u d i e s  p r e s e n t e d  in  c h a p t e r  7)  were t i e d  t o  t h e  sample h o l d e r  
w i th  copper  w ire  f o r  XPS a n a l y s i s ,  t h e  samples b e i n g  s u f f i c i e n t l y  long  (15mm) 
t o  ensure  t h a t  t h e  copper  w i re  was n o t  in  t h e  X-ray  beam.
For  the  ion  a b s o r p t i o n  s t u d i e s  p r e s e n t e d  in c h a p t e r  6 t h e  po lymers  were c a s t  
on to  s t a i n l e s s  s t e e l  sample t a b s  ( s e e  P l a t e  4 . 1 ) .  The t a b s  were d es ig n e d  
with  s l o t s  a t  e i t h e r  end to  f a c i l i t a t e  f i x a t i o n  t o  th e  sample h o ld e r  w i th  
s c re w s ,  and p o l i s h e d  to  a m i r r o r  f i n i s h  on a 1um diamond wheel  on t h e  s i d e  t o  
be examined by XPS t o  a s s i s t  t h e  c a s t i n g  o f  a smooth polymer f i l m .  An
i d e n t i f i c a t i o n  number was i n s c r i b e d  on t h e  r e v e r s e  s i d e .
[4.31 CASTING OF POLYMER FILMS
The polymers used in t h i s  s t u d y  were o b t a in e d  from th e  L i v e rp o o l  b i o m a t e r i a l s  
group and used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .  They were c a s t  o n to  t h e  sample 
t a b s  from 5% w/v s o l u t i o n  in  d r i e d ,  d i s t i l l e d  dioxan ( F i s o n s  S c i e n t i f i c  
A p p a ra tu s ) .  Two c o a t s  were c a s t  by d ip p in g  the  t a b  i n t o  t h e  s o l u t i o n ,
h o ld in g  the  t a b  by t h e  • o t h e r  end f o r  t h e  second c a s t i n g  so as t o  e n s u re
comple te  c o v e ra g e .  Each c o a t  was d r i e d  a t  70°C f o r  1 hour in a v e n t i l l a t e d  
o v e n .
The dioxan and polymer s o l u t i o n s  were s t o r e d  in t h e  d a r k  t o  d i s c o u r a g e  t h e  
fo rm a t io n  o f  p e r o x i d e s ;  a n a l y s i s  o f  th e  dioxan by gas ch rom atography  gave a 
s i n g l e  peak .
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The c o n c e n t r a t i o n  o f  dioxan in  t h e  c a s t ,  d r i e d  f i l m s  was e s t i m a t e d  by gas 
ch rom a tog raph ic  headspac e  a n a l y s i s  ( 4 - 7 ) .  Double f i l m s  o f  the  ” 15 -n polymer
were c a s t  o n to  seven t a b s ,  d r i e d  in t h e  u s u a l  manner and s t o r e d  over s i l i c a
g e l  in a d e s i c c a t o r  f o r  1 week. The w eight  o f  polymer c a s t  was found by
w eigh ing  th e  seven t a b s  t o g e t h e r  b e f o r e  and a f t e r  c a s t i n g  t o  ave rage
1 .1 m g / t a b .  The polymer from t h e s e  t a b s  was then d i s s o lv e d  by immersion in
10ml o f  d imethyl formamide (DHF) r e a g e n t ,  and 1ml a l i q u o t s  t r a n s f e r r e d  to  th e
headspace  a n a l y s i s  b o t t l e s .
The d i s s o lv e d  polymer samples  were i n s e r t e d  i n t o  t h e  sample chamber o f  th e  
chromatograph  which  was m a in ta in e d  a t  60°C. The com posi t ion  o f  t h e  headspac e  
above th e  l i q u i d  a t  t h i s  t e m p e r a t u r e  was an a ly se d  in a P e rk in -E lm er  Sigma 3b 
Gas Chromatograph.  The a n a l y s i s  o f  th e  headspace  r a t h e r  than  t h e  s o l u t i o n  
i t s e l f  e l i m i n a t e s  t h e  p o s s i b l e  i n t e r f e r e n c e  from n o n - v o l a t i l e  s o l u t e s  eg.  
h ig h  polymer.
C a l i b r a t i o n  s t a n d a r d s  were made up by mixing  sm al l  known q u a n t i t i e s  o f  dioxan  
w i th  1ml o f  DMF, and d i l u t i n g  t h i s  f u r t h e r  u n t i l  t h e  shape  o f  th e
chromatogram o b ta in ed  from t h e  sample was approx im ated .
Chromatograms from t h r e e  s t a n d a r d s  a r e  shown in F ig s  4 . 1 - 4 . 3 .  The dioxan 
peak s i t s  on a peak from d im e th y l a m in e , a d e g r a d a t io n  p roduc t  o f  DMF, w i th  
t h e  main DMF peak a p p e a r in g  a t  a l a t e r  t im e .  I t  can be seen  t h a t  th e
d e t e c t i o n  l i m i t  fo r  dioxan in  1ml o f  DMF by t h i s  method and under  t h e  
c o n d i t i o n s  no ted  i s  M ) .0 1 u l .
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In  F ig .  4 . 4  t h e  chromatogram f o r  t h e  sample i s  shown. The l e v e l  o f  d ioxan 
d e t e c t e d  c o r r e s p o n d s  t o  ^  0 . 0 1 - 0 . 0 2 u l  in s o l u t i o n ,  o r  . 02ul/mg polymer .  
This  f i g u r e  i s  w e l l  below the  d e t e c t i o n  l i m i t  o f  XPS (^0 . 0 3 ft, s ee  [ 6 . 3 2 ] ) ,  
and as w i l l  be seen i n  c h a p t e r  6,  th e  polymer f i l m s  c a s t  in  t h i s  manner do 
n o t  show any e f f e c t s  t h a t  might  be due to  r e s i d u a l  s o l v e n t  r a t h e r  th a n  t h e i r  
own c o m p o s i t io n s .
[ 4 .4 ]  CONTAMINATION
The i n v e s t i g a t i o n  o f  h y d ro g e ls  or o f  w a te r  s t r u c t u r i n g  on polymer s u r f a c e s  by 
XPS i s  com pl ica ted  by th e  n e c e s s i t y  o f  examining the  m a t e r i a l s  under  h ig h  
vacuum c o n d i t i o n s ,  making i t  n e c e s s a r y  to f r e e z e  th e  sample in  i t s  h y d r a t e d  
s t a t e  by c i r c u l a t i n g  l i q u i d  n i t r o g e n  th rough  t h e  p robe  t i p .  I t  was t h e r e f o r e  
dec ided  to  i n v e s t i g a t e  t h e  e f f e c t  o f  c o o l i n g  t h e  sample on t h e  d e p o s i t i o n  o f  
a d v e n t i t i o u s  ca rbon  c o n ta m in a t io n  from th e  s p e c t r o m e te r  vacuum.
In  o rde r  t o  q u a n t i f y  t h e  c o n t a m in a t io n  l a y e r  PTFE was s e l e c t e d  as  a s t a b l e
polymer wi th  a c h a r a c t e r i s t i c  atom, f l u o r i n e ,  the  s i g n a l  a t t e n u a t i o n  o f  which
could  be m o n i to red .  A PTFE s l i v e r  o b ta in e d  from the  M a t e r i a l s  Depar tm en t o f
ot h e  u n i v e r s i t y  was trimmed t o  4mm x 15mm and s i n t e r e d  in a i r  a t  350 C f o r  
16 hours  to  remove low m.w. compounds.  The F1s peak was m o n i to red  f o r  80.
m inu tes  in  MgKa r a d i a t i o n  in  t h e  s p e c t r o m e te r  a t  a p r e s s u r e  o f
“ 9 o5 x 1 0  T o r r .  With t h e  x - r a y  gun o f f ,  t h e  sample was coo led  to  -196 C u s i n g
l i q u i d  n i t r o g e n  and th e n  t h e  F1s peak was m on i to red  fo r  a f u r t h e r  two h o u r s .
R e f e r r i n g  to  eqn .  (3 .27 )  t h e  i n t e n s i t y  o f  the  F1s s i g n a l ,  I ( F 1 s ) ,  may be 
r e l a t e d  to  t h e  c o n ta m in a t io n  over l a y e r  d e p t h ,  d ,  by
I ( F 1 s )  ec ex p ( -d /X s in 0 )  ( 4 . 1 )
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Assuming t h a t  c o n tam in a t io n '  i s  n o n - d i s c h e t e  and t a k e s  p l a c e  a t  a c o n s t a n t  
r a t e
d = r . t  ( 4 . 2 )
where r  i s  t h e  d e p o s i t i o n  r a t e  and t  i s  t i m e .  Then
l n I ( F 1 s )  = - r t /A s in 0 + ln K  ( 4 .3 )
hence a p l o t  o f  l n I ( F 1 s )  vs t  shou ld  be o f  s lope - r /A s in O .  A lso ,  j ^ r . d t  w i l l  
g ive  an e s t i m a t e  o f  the  over l a y e r  t h i c k n e s s  a t  t ime  t .
A d i r e c t  e s t i m a t e  o f  the  o v e r l a y e r  t h i c k n e s s  may be o b ta in e d  by compar ison  o f  
t h e  F1s and F2s peak  i n t e n s i t i e s .
( 4 . 4 )
( 4 . 5 )  
eqn .  ( 3 .2 6 )
The r e s u l t s  o f  t h i s  exper im en t  a r e  p r e s e n t e d  in  Table  4 . 2  and g r a p h i c a l l y  in
F ig s  4 .5  and 4 . 6 .  At am bient  t e m p e ra tu r e  t h e  c o n t a m in a t io n  r a t e  i s  low
( F ig .  4 .5 )  and t h e  over l a y e r  dep th  e s t i m a t e d  by comparison  o f  t h e  F1s and F2s
peaks i s  i n d i c a t e d  as 3 .2 1 0 .9  A ( F ig .  4 . 6 ) .  At -196°C, however,  t h e  
c o n ta m in a t io n  r a t e  i s  i n c r e a s e d  by a f a c t o r  o f  6.  I t  can be seen  t h a t  when 
t h e  x - r a y  gun i s  sw i tched  o f f  between measurements t h e  d e p o s i t i o n  o f  
c o n ta m in a t io n  i s  e f f e c t i v e l y  h a l t e d .  F ig .  4 .6  shows t h e  e s t i m a t e  o f  
o v e r l a y e r  t h i c k n e s s  o b ta in e d  by comparison o f  t h e  F1s and F2s peak
i n t e n s i t i e s  and th e  e s t i m a t e  o f  o v e r l a y e r  t h i c k n e s s  o b t a i n e d  from t h e
Taking eqn .  ( 4 . 1 )  f o r  the  two peaks
I ( F 1 s ) / K F 2 s )  = e x p ( d [ l / X 2s- l / A l s ] 7 s i n 0 )
hence
d = sinS , , a n  [ I (F ls ) \  
(1 /A 2 s -1 /A 1 s ) \ I ( F 2 s ) /
i f  t h e  i n t e n s i t y  v a lu e s  have been c o r r e c t e d  fo r  s e n s i t i v i t y  ( c f .  
and s e c t i o n  [ 3 - 3 4 ] ) .
TABLE 4.2 XPS signal from PTFE
TEMP
°C
20
-196
TIME PEAK AREA
min counts
F2s Cls FIs
11 78212 304235 1577067
29 78177 296661 1528580
43 74026 299261 1490691
58 73656 302028 1455306
74 67382 292807 1382120
x-ray gun off, sample cooling
131 54431 304863 920144
148 41192 316930 762493
165 37281 324980 666746
179 33334 326224 566442
195 29876 328213 467517
210 27019 329312 415404
x-ray gun off
238 23463 341099 344947
x-ray gun off
256 23913 349570 346358
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r=0-0012 A/min
r=0-007 A/min
13.A* am bient
-196 C
x-ray gun
13-0-
—O—
0 100 200
t ,m in
F i g .  4 .5  A t t e n u a t i o n  o f  F I s  s i g n a l  from P.TFE a t  am b ien t  
t e m p e r a t u r e  and -196°C.
i n t e g r a t i o n  o f  th e  c o n t a m i n a t i o n  r a t e  w i th  t i m e .
Both e v a l u a t i o n s  o f  d ( t )  a g r e e  c l o s e l y ,  g i v i n g  a f i n a l  l e v e l  o f  >v, 19 
T h e r e f o r e  t h e  i n d i c a t i o n s  a r e  t h a t  w hereas  a t  am bien t  t e m p e r a t u r e s  t h e  sample  
acc u m u la te s  o n ly  a monolayer o f  c o n t a m in a n t ,  when i t  i s  c o o le d  on a c r y o - t i p  
c o n t a m i n a t i o n  b u i l d - u p  i s  r a p i d ,  and r e a c h e s  a t h i c k n e s s  i n  t h e  o r d e r  o f  X . 
Th is  would i n t e r f e r e  w i th  s u r f a c e  measurements  i f  a l lowed  t o  o c c u r .
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am bien t -196 C
0 100 200
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F ig .  4 . 6  C o n ta m in a t io n  l a y e r  b u i l d - u p  a t  ambien t  
t e m p e r a t u r e  and -196°C.
0 : from F l s / F 2 s  peak  i n t e n s i t y  r a t i o  
-  : f rom i n t e g r a t i o n  o f  r a t e  d a t a  from F i g .  4 .5
A co ld  f i n g e r  was t h e r e f o r e  c o n s t r u c t e d ,  c o n s i s t i n g  o f  a s p e c i a l l y  m o d i f i e d  
m e ta l  e v a p o r a t o r ,  w i th  a l e n g th e n e d  copper  t i p  s i t t i n g  c l o s e  t o  t h e  specimen 
i n s i d e  t h e  s p e c t r o m e t e r  and an e x t e r n a l  w e l l  f o r  l i q u i d  n i t r o g e n .  The above 
ex p e r im e n t  was r e p e a t e d  wi th  t h e  c o l d  f i n g e r  in  o p e r a t i o n ,  t h e  r e s u l t s  b e i n g  
p r e s e n t e d  in F ig .  4 . 7 .
The e f f e c t i v e n e s s  o f  t h i s  d e v i c e  as  a t r a p  f o r  c o n t a m i n a t i o n  i s  shown in  t h e  
l a r g e  r e d u c t i o n  (by ^75%) i n  th e  c o n t a m i n a t i o n  r a t e  a t  -196°C.  N o n e t h e l e s s ,  
even a f t e r  two h o u r s ,  t h e r e  i s  no a p p a r e n t  s i g n  o f  t h e  c o n t a m i n a t i o n  r a t e  
r e a c h i n g  a r e a s o n a b l y  low e q u i l i b r i u m  l e v e l .  D i f f i c u l t i e s  were a l s o  
e x p e r i e n c e d  with  t h e  pumping sys tem fo r  t h e  l i q u i d  n i t r o g e n  c o o l a n t  i n  t h e  
p robe  t i p ,  and s t u d i e s  o f  w a te r  s t r u c t u r i n g  on polymer s u r f a c e s  u s i n g  l i q u i d  
n i t r o g e n - c o o l e d  samples  were c o n s i d e r e d  to  be u n r e a l i s t i c  and were n o t
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ln I[F |S]
r = 0-0009 X/min
13-9-
r = 0-0018 X/min
13-8- am bien t
-196 C
13-7-
F i g .  4 .7  A t t e n u a t i o n  o f  F I s  s i g n a l  from PTFE 
w i t h  c o ld  f i n g e r  i n  o p e r a t i o n
u n d e r t a k e n .
[ 4 .5 ]  X-RAY BEAM EFFECTS
A s l i g h t  change in t h e  a p p a r e n t  c o m p o s i t io n  o f  th e  model po lym ers  d u r i n g  XPS 
a n a l y s i s  was n o t e d ,  which would d e g rad e  t h e  u s e f u l n e s s  o f  t a k e - o f f  a n g l e  
r e l a t e d  d a t a ,  the  a c c u m u la t io n  o f  which r e q u i r e s  t h e  sample t o  be in  t h e  
x - r a y  beam f o r  up t o  1 h o u r .  As w i l l  be d e m o n s t r a t e d ,  t h e  a p p a r e n t  
c o m p o s i t io n  change  can be r e l a t e d  to  t h e  d e p o s i t i o n  o f  ca rb o n a ceo u s  
c o n t a m i n a t i o n  o n to  t h e  sample by t h e  x - r a y  gun,  and in t h e  c a s e  o f  t h e  
n e g a t i v e l y  charged ( a c r y l i c  a c i d  c o n t a i n i n g )  po lym ers ,  on which  t h i s  e f f e c t  
was most n o t i c e a b l e ,  sample d e g r a d a t i o n  th ro u g h  d e c a r b o x y l a t i o n  may be a
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f a c t o r .
(a)
Ini
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r T T
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F i g .  4 .8  Change i n  Cls and 01s peak  i n t e n s i t i e s ,  (a)  as  a f u n c t i o n  
o f  t ime ( e x p e r i m e n t a l  d a t a ) , (b) c a l c u l a t e d  a s  a  f u n c t i o n  
o f  c o n t a m i n a t i o n  l a y e r  d e p t h ,  (c)  c a l c u l a t e d  as  a 
f u n c t i o n  o f  polymer  oxygen c o n t e n t .
F ig .  4 .8 a  shows the  change  in  t h e  l o g a r i t h m  o f  t h e  C1s and 01s peak  
i n t e n s i t i e s  w i th  t ime d u r i n g  th e  a n a l y s i s  o f  a sample  o f  th e  " 1 5 - ” po lym er .  
I t  can be s een  t h a t  t h e  C1s peak i n t e n s i t y  i n c r e a s e s  w hereas  t h e  01s  peak  
i n t e n s i t y  f a l l s  o f f  over  t h e  45 minute  t ime  p e r i o d .  I t  i s  n o t  ob v io u s  from
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t h i s  d a t a  whether  t h e  changes a r e  due to  a n e t  l o s s  o f  oxygen from th e  
s u r f a c e  (due t o  d e c a r b o x y l a t i o n )  o r  t h e  accum ula t ion  o f  a ca rbonaceous  
c o n ta m in a t io n  l a y e r .  F i g .  4 .8b  shows a c a l c u l a t i o n  o f  t h e  changes  in  
l n I ( C 1 s )  and l n l ( 0 1 s )  as  th e  d ep th  o f  a carbonaceous  c o n ta m in a t io n  l a y e r ,  d,  
i n c r e a s e s ,  and F ig .  4 .8 c  shows the  c a l c u l a t i o n  assuming t h a t  oxygen i s  l o s t
from th e  s u r f a c e  (w i th  d=0) ;  u s in g  e q n s . (3 -21) and ( 3 . 2 3 ) .  I t  i s
i n t e r e s t i n g  to  no te  t h a t  t h e  a p p r o p r i a t e  changes, in  l n I (C 1 s )  and l n l ( 0 1 s )  a re  
b rough t  about  by t h e  acc um ula t ion  o f  an o v e r l a y e r  a v e ra g in g  1 .5  A i n  d e p t h ,  
which ,  w i t h i n  t h e  t im espan  o f  t h e  e x p e r im e n t ,  i s  e n t i r e l y  c o n s i s t e n t  w i th  t h e  
accum ula t ion  r a t e  r e p o r t e d  f o r  PTFE in  t h e  p r e v io u s  s e c t i o n .
To minimise  t h e  t im e  spen t  exam ining each  sample,  most o f  t h e  s p e c t r a  were 
r e c o rd e d  w i th  t h e  a n a l y s e r  s l i t  width  s e t  t o  4mm. In exper im en t s  where t h e  
p h o t o e l e c t r o n  t a k e - o f f  ang le  was t o  be v a r i e d ,  th e  s l i t  width  was u s u a l l y  s e t  
t o  2mm, and t h e  f o l l o w i n g  p rocedure  was developed  fo r  t h e  c o l l e c t i o n  and 
p r o c e s s i n g  o f  the  d a t a :
a)  Data was c o l l e c t e d  a t  45°,  65°,  55° ,  45°,  35°,  25° ,  15°,  45°.
b) The d a t a  c o l l e c t e d  a t  45°,  i n  t e rm s  o f  atomic % oxygen,  was p l o t t e d
vs th e  t ime o f  c o l l e c t i o n  ( t h r e e  measurements  having  been made a t  45°) . -
c)  Values c o r r e s p o n d in g  t o  an im a g in a ry  measurement o f  a tomic  % oxygen 
a t  45° were r e a d  o f f  t h e  above c u rv e  f o r  t h e  t im e s  a t  which 
measurements a t  t h e  o t h e r  a n g l e s  were made (%Oit 5 ( 0 ) ) .
I l l
d) Each measurement o f  atomic  % oxygen (%0(0 )) was th en  c o r r e c t e d  w i th  
r e s p e c t  to  t h e  second measurement a t  45° (%0(45))  t o  g iv e  t h e  f i g u r e
m o d i f ied  fo r  p r o g r e s s i n g  d e c a r b o x y l a t i o n  (%0 (0 ) ! ) a c c o rd in g  to
550(0)* = % 0 ( Q )  x  550(45)/ 5501*5(0)
[ 4 .6 ]  USE OF THE Na KLL AUGER LINE
E s t i m a t io n  o f  Na in  t h e  e x p e r im e n t s  d e a l i n g  w i th  t h e  a d s o r p t i o n  o f  io n s  from 
s o l u t i o n  by t h e  model polymers  ( s e e  c h a p t e r  6 ) was u s in g  t h e  Na KLL Auger 
l i n e  a t  ^985 eV k i n e t i c  ene rgy  ( 8 ) .  This  l i n e  was chosen in  p r e f e r e n c e  t o  
t h e  Na1s l i n e  a t  ^180 eV k i n e t i c  e n e rg y .  F i r s t l y ,  the  s i g n a l - t o - n o i s e  r a t i o  
o f  the  1s peak was found to  be g r e a t l y  i n f e r i o r  t o  t h a t  o f  t h e  Auger l i n e  
and s e c o n d ly ,  i t  was thought '  d e s i r e a b l e  t o  use  a peak w i th  a k i n e t i c  ene rgy  
more n e a r l y  m a tch ing  th o s e  o f  the  o t h e r  peaks p r e s e n t  (frcm c a rb o n ,  n i t r o g e n ,  
oxygen and c h l o r i n e ) ,  t h e r e b y  r ed u c in g  t h e  e f f e c t s  o f  c o n t a m i n a t i o n ,  which 
would s e v e r e l y  a t t e n u a t e  t h e  low -energy  Na1s p h o t o e l e c t r o n s .  To en s u re  
c o n s i s t e n c y  in t h e  e f f e c t i v e  s e n s i t i v i t y  fo r  sodium, th e  o p e r a t i n g  c o n d i t i o n s  
o f  the  x - r a y  gun were always t h e  same ( 1 2 .5  kV, 20 mA), so t h a t  t h e  l e v e l  o f  
B r a n s s t r a h lu n g  r a d i a t i o n  (which a l s o  p roduces  Auger e l e c t r o n s )  did  n o t  v a ry .
For  c o n t i n u i t y  t h e  samples  w i th  adsorbed  Ions  were examined in MSKa
r a d i a t i o n ,  c a u s in g  the  Na Auger peak  to  be superposed  on to  t h e  C12s peak and
t h e  K and K s a t e l l i t e s  from t h e  C1s peak ( s e e  F ig .  4 .9  and T ab le  3 . 1 ) .  
a 5 a 6
I t  was t h e r e f o r e  n e c e s s a r y  to  e v a l u a t e  t h e  i n t e n s i t y  o f  t h e  K s a t e l l i t e
r e l a t i v e  to t h e  C1s peak by examining a s e r i e s  o f  pure model polymer s am p les .  
F o r  th e  "60+” polymer t h e  r e l a t i v e  i n t e n s i t y  was found to  be 0 . 0 1 18±0.0003 
and f o r  t h e  ” 15—,f polymer 0 . 0101±0. 0003.
l l Z
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An a n a l y s i s  o f  th o s e  polymers  (pMMA/DMAEMA copolymers)  on which s i g n i f i c a n t  
l e v e l s  o f  Cl were adso rbed  from s a l i n e  s o l u t i o n  gave a 2 s /2 p  peak i n t e n s i t y  
r a t i o  o f  0 . 32±0 . 0 3 .
I t  was t h e r e f o r e  p o s s i b l e  t o  s u b t r a c t  th e  c o n t r i b u t i o n s  due t o  t h e  C 
s a t e l l i t e  and C12s peaks from th e  Na KLL Auger peak .  In p r a c t i c e ,  a s  w i l l  be 
seen  in  c h a p t e r  6 , on ly  one io n  (Na+ o r  Cl” ) was adso rbed ,  depending  on t h e  
polymer s u r f a c e  c h a r g e ,  so t h a t  i f  Na was p r e s e n t ,  the  i n t e r f e r e n c e  from Cl 
was t r i v i a l ,  and i f  Cl was p r e s e n t ,  c o r r e c t i o n  o f  th e  Na d a t a  o c c a s i o n a l l y  
led  to  n e g a t i v e  l e v e l s  o f  Na be ing  d e t e rm in e d .
A measurement o f  b o th  t h e  Na1s and NaKLL peaks from n in e  "15-*" sam ples ,  on
which a s u i t a b l y  h ig h  l e v e l  o f  Na (o n ly )  was adsorbed  from s a l i n e  s o l u t i o n ,  
gave a NaKLL/Na 1s i n t e n s i t y  r a t i o  o f  0 .7 4 + 0 .0 9 .  With r e f e r e n c e  t o  t h e  
v a lu e s  o f  S c h o f i e l d  (9)  t h i s  g ives  a s e n s i t i v i t y  f a c t o r  o f  5 . 9  f o r  t h e  NaKLL 
peak in t h i s  sys tem .
[4 .73  SUMMARY
i )  The po lymers  used  in t h i s  work have been s p e c i a l l y  s y n t h e s i s e d  t o  be 
as  c l o s e  as  p o s s i b l e  t o  pure h ig h  polymer,  w i th  no s t a b i l i s e r s  o r  o t h e r  
low m.w. l e a c h a b l e s .
i i )  I t  has  been  d em o n s t r a ted  t h a t  t h e  polymer f i l m s  as  c a s t  have a l e v e l
o f  r e s i d u a l  s o l v e n t  which i s  w e l l  below th e  d e t e c t i o n  l i m i t  o f  XPS.
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i i i )  The r a t e  o f  accum ula t ion  o f  carbonaceous  c o n ta m in a t io n  has  been 
e s t i m a t e d  and an a p p r o p r i a t e  d a t a  t r e a t m e n t  p rocedure  developed  to  
compensate f o r  con tam in a n t  o v e r l a y e r s .
i v )  The u se  o f  the  Na KLL Auger l i n e  f o r  t h e  q u a n t i f i c a t i o n  o f  t h a t  
e lement on polymer s u r f a c e s  has  been d i s c u s s e d .
Having t h u s  ensu red  t h a t  XPS s p e c t r a  o f  t h e  t r u e  polymer s u r f a c e  can be 
o b t a i n e d ,  i t  rem a ins  f o r  t h e  m a them a t ic s  o f  t a k e - o f f  ang le  r e l a t e d  a n a l y s i s  
t o  be d e v e lo p e d .  I f  t h e  XPS t e c h n iq u e  i s  t o  a p p l i e d  to  t h e  " d ep th  p r o f i l i n g "  
o f  polymer s u r f a c e  s t r u c t u r e ,  th e n  a t h e o r e t i c a l  t r e a t m e n t  r e l a t e d  to  
c o n c e n t r a t i o n  p r o f i l e s  needs  t o  be p roduced .  In  th e  n e x t  c h a p t e r ,  a novel  
m o d i f i c a t i o n  o f  th e  Beer-Lamber t  e q u a t io n  i s  p r e s e n t e d  and an a l g o r i t h m  
d e r iv e d  which a l lo w s  t h e  e f f e c t s  o f  c o n c e n t r a t i o n  g r a d i e n t s  on t h e  a n g u l a r  
be h a v io u r  of  the  XPS s i g n a l  to  be mode l led .
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[ 5 .0 ]  ELUCIDATION OF POLAR-ANGLE-RELATED XPS DATA
[ 5 . 1 ]  0VERLA1ER THEORY
As d e t a i l e d  in s e c t i o n  [ 3 . 3 ] ,  d e p t h - r e l a t e d  a tomic  com posi t ion  a n a l y s i s  u s in g  
XPS i s  u s u a l l y  approached in one o f  t h r e e  ways: v a r y in g  t h e  X-ray  photon
energy  ( see  [ 3 - 3 4 ] ) ,  ion  e t c h i n g  ( s e e  [ 3 . 32] )  and v a ry in g  t h e  an g le  o f  t i l t  
o f  the  specimen w i th  r e s p e c t  t o  t h e  e l e c t r o n  c o l l e c t i o n  o p t i c s  ( s e e  [ 3 . 3 3 1 ) .  
The l a s t  o f  t h e s e  p r o v i d e s  a n o n - d e s t r u c t i v e  means o f  d e p th  p r o f i l i n g  and by 
c a s t i n g  a polymer f i l m  on to  a h i g h l y  p o l i s h e d  s u b s t r a t e ,  a f l a t  n a t i v e  
s u r f a c e  can be produced  as  r e q u i r e d  by t h e  accompanying t h e o r y .
R e c a l l i n g  e q n s .  (3 .2 1 )  and ( 3 . 2 3 ) ,  f o r  a s u b s r a t e  covered  by a un i fo rm
over l a y e r  o f  t h i c k n e s s  d ,  t h e  s u b s t r a t e  s i g n a l  i n t e n s i t y  I s i s  g iven  by
d
I s. = CnKX (E)exp(-d /X  ( E ) s i n e )  ( 3 .2 3 )d e e -
and t h e  over l a y e r  s i g n a l  i n t e n s i t y  1° ,  byd
1°, = C0KX (E) [ 1 - e x p (—d/x ( E ) s in 0 ) ] (3 .2 1 )Q 0 6
w i th  t h e  p a r a m e te r s  as  p r e v i o u s l y  d e f i n e d .
This  t r e a t m e n t  im p l i e s  t h a t  i t  i s  p o s s i b l e  t o  m oni to r  t h e  o v e r l a y e r  and 
s u b s t r a t e  s i g n a l s  i n d e p e n d e n t l y ,  and t h a t  a s h a r p  i n t e r f a c e  d i v i d e s  t h e  two 
components i n  t h e  sample.  However, t h i s  h i g h l y  i d e a l i s e d  model can f i n d  
l i t t l e  a p p l i c a t i o n  i n  t h e  a n a l y s i s  o f  r e a l  samples and po lymers  in  
p a r t i c u l a r .
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As an i l l u s t r a t i o n  o f  t h i s  p o in t ,  r e s u l t s v  w i l l  be p r e s e n t e d  which p e r t a i n  t o  a 
p o l i s h e d  s t e e l  sample t a b  which had been r i g o r o u s l y  washed w i th  a c e to n e  and 
d r i e d  in a i r  over s i l i c a  ge l  f o r  48 h o u r s .  The h igh e n e rg y  s t e e l  s u r f a c e  
might  r e a s o n a b l y  be  expec ted  to  r e t a i n  a t  l e a s t  a monolayer o f  a c e to n e ,  so 
t h a t  t h e  over  l a y e r  t h e o r y  r e f e r r e d  to  above would be  a p p l i c a b l e  t o  t h e  
a n g u la r  r e l a t e d  XPS a n a l y s i s  o f  t h e  sample .
With r e f e r e n c e  t o  e q n s .  ( 3 .2 1 )  and ( 3 . 2 3 ) ,  a p l o t  o f  l n I ( F e 2 p )  vs 1 / s in 0  
would th e n  be a s t r a i g h t  l i n e  o f  s lope  - d / X .  To o b t a i n  a s t r a i g h t  l i n e  from 
t h e  ca rbon  d a t a  i t  would be n e c e s s a r y  to  p l o t  l n ( 1 - 1 (C1s)/CoKX) vs 1 / s i n 0 ,  
however a s  CoKX was n o t  d e t e rm in e d  f o r  pure a c e t o n e ,  a p l o t  o f  l n I ( C 1 s )  vs 
1/sinO (and a l s o  o f  l n l ( 0 1 s )  vs 1 / s i n 9 )  was s u b s t i t u t e d .
These r e s u l t s  a r e  p r e s e n t e d  in F ig .  5 .T .  ' I t  can be seen  t h a t  n o t  o n ly  does  
t h e  Fe d a t a  form a c u r v e ,  i n d i c a t i n g  a c o n c e n t r a t i o n  g r a d i e n t  o f  t h i s  e l em en t  
e x i s t s ,  bu t  a l s o  t h a t  t h e  C and 0 d a ta  (which might  r e a s o n a b l y  be e x p e c t e d  t o
be c l o s e  to  a s t r a i g h t  l i n e )  have maxima a t  d i f f e r e n t  p h o t o e l e c t r o n  t a k e - o f f
o o
a n g le s  between 55 and 15 .
The r e a s o n s  f o r  t h i s  a r e  e v i d e n t  -  t h a t  in  each  c a s e  t h e  e n t i r e  peak  en v e lo p e  
was ta ken  as  a measure o f  i n t e n s i t y ,  so t h a t ,  fo r  exam ple ,  b o t h  t h e  oxygen in  
t h e  s t e e l  and in t h e  a c e to n e  a r e  b e i n g  in c lu d ed  s i m u l t a n e o u s l y  in t h e  oxygen 
f i g u r e .  In t h i s  p a r t i c u l a r  c a s e ,  i t  may be p o s s i b l e ,  w i t h  c a r e ,  to  r e s o l v e  
t h e  two ty p e s  o f  oxygen and p l o t  them s e p a r a t e l y ,  however ,  i t  would n o t  
u s u a l l y  be p o s s i b l e  in  t h e  c a s e  o f  polymers .
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F i g .  5 . 1  Peak i n t e n s i t y  d a t a  f o r  s t e e l  sample tab
In  t h e  d e p t h  p r o f i l e  a n a l y s i s  o f  polymer s u r f a c e s ,  t h e  sample c a n n o t  be
assumed t o  have  a l a y e r  s t r u c t u r e  composed o f  atoms in  d i f f e r e n t  c h e m ic a l  
s t a t e s  s e p a r a t e d  by s h a r p  i n t e r f a c e s .  I t  i s  l i k e l y  t h a t  i n  t h e  r e a l  s u r f a c e  
a tom ic  c o n c e n t r a t i o n ,  b u t  n o t  n e c e s s a r i l y  chem ica l  s t a t e ,  w i l l  v a r y  w i t h
d e p t h ,  pe rhaps  w i th  a t o p  c o a t  o f  ca rb o n a ceo u s  c o n t a m i n a t i o n  ( 1 , 2 ) .  The
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c o n ta m in a t io n  l a y e r  w i l l  n o t  o n ly  a t t e n u a t e  t h e  s u b s t r a t e ’ s ca rbon s i g n a l  bu t  
a l s o  c o n t r i b u t e  a s i g n a l  o f  i t s  own which may be i n d i s t i n g u i s h a b l e .  C l e a r l y  
a development o f  t h e  t r e a t m e n t  o u t l i n e d  in s e c t i o n  [3 .33 ]  i s  needed i f  t h e  
r e s u l t s  o f  angu la r  v a r i a t i o n  w i th  c o n v e n t i o n a l  polymer samples a r e  t o  be 
i n t e r p r e t e d  in a m ean in g fu l  way.
The m a th em a t ic a l  t r e a t m e n t  o f  c o n c e n t r a t i o n  g r a d i e n t s  has  been t a c k l e d  by 
v a r io u s  w o rk e r s .  In  t h e  approach  o f  Nefedov (3)  t h e  c o n c e n t r a t i o n  g r a d i e n t  
i s  c h a r a c t e r i s e d  by an e f f e c t i v e  mean c o n c e n t r a t i o n  v a l u e ,  w h i l e  o t h e r s  have 
used compute rs  t o  sum the  c o h t r i b u t i o n s  from a s e r i e s  o f  s l i c e s  p a r a l l e l  to  
t h e  sample s u r f a c e  ( 4 - 6 ) .
In  t h e  n e x t  s e c t i o n  t h e  m o d e l l i n g  o f  c o n c e n t r a t i o n  g r a d i e n t s  i s  ache ived  in  a 
s imple development o f  th e  Beer-Lamber t  ' equa t ion .
[ 5 . 2 ]  MODIFICATION OF THE BEER-LAMBERT EQUATION
I t  i s  in t e n d e d  to  c a l c u l a t e  1(0)  f o r  th e  e lem en t  whose model p r o f i l e  i s
d e f in e d  in te rm s  o f  n , .  and x.  as shown in  F ig .  5 . 2 .  These( l “ d) (1-4)
v a r i a b l e s  may be a s s ig n e d  so as t o  model any p r o f i l e  t y p e .  For a C/O/H 
m a t r i x ,  on ly  th e  ca rbon  and oxygen p r o f i l e s  need be c o n s i d e r e d ,  one b e in g  t h e  
complement o f  the  o t h e r  when e x p re s s e d  in  t e rm s  o f  atomic % vs d e p t h .
R e f e r r i n g  to eqn .  ( 3 . 9 ) ,  t h e  i n t e n s i t y  o f  t h e  p h o t o e l e c t r o n s  d e r iv e d  from a 
p lane  o f  atoms a t  d ep th  x can be e x p re s s e d  in t e rm s  o f  x and 0 as
1 ( 0 , x) = K oF (E o /E)n(x )exp( -x /X e ( E ) s in 0 )  ( 5 . 1 )
where Kg = J g A g f i g D g d a / d f i ,  n(x )  = number o f  atoms p e r  u n i t  a r e a  a t  d ep th  x,  
t h e  o t h e r  p a r a m e te r s  hav ing  been p r e v i o u s l y  d e f i n e d .  I t  i s  assumed t h a t  t h e
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F i g .  5 . 2  G e n e ra l  model dep th  p r o f i l e
width  o f  t h e  sample i s  l e s s  t h a n  t h a t  o f  th e  s l i t s ,  so t h a t  t h e  1/ s i n 0 
t e rm  has  been  o m i t t e d .  X-ray  r e f r a c t i o n ,  r e f l e c t i o n  and a t t e n u a t i o n  (7)  a re  
i g n o r e d ,  a s  a r e  e l a s t i c a l l y  s c a t t e r e d  p h o t o e l e c t r o n s  em erging  a t  a n g l e  
0 ( 8 , 9 ) .  The sample d e n s i t y  i s  t a k e n  t o  be un i fo rm  with  r e s p e c t  t o  d e p t h ,  
and t h e  s c a t t e r i n g  c o e f f i c i e n t s  o f  ca rbon  and oxygen a r e  t a ken  t o  be e q u a l  
( s o  t h a t  X i s  n o t  a f u n c t i o n  o f  n ( x ) ) .
Summing over a l l  v a l u e s  o f  x
1 (0 ) = KqF(Eq/ E) / “ n ( x ) e x p ( - x / x  ( E ) s i n 0 )dx ( 5 . 2 )
o e
which  w i l l  be t h e  obse rved  s i g n a l  i n t e n s i t y .  I t  r em a ins  f o r  n ( x )  t o  be 
d e f i n e d .  F o r  a sample o f  u n i fo rm  t o t a l  a tomic  d e n s i t y ,  n (x )  may be d e f i n e d  
in  t e rm s  o f  t h e  a tom ic  % v a l u e ,  t a k i n g  a n u m e r ica l  t e rm  r e l a t e d  t o  t h e  100% 
l e v e l  i n t o  Kq .
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For  th e  model p r o f i l e  d e f i n e d  in F ig .  5 . 2
1 (0 )  = k J f ( E 0/E ){ /£ 1  n 1e x p ( -x /X ^ (E ) s i n 0 )d x
+ / ^ [ n j + C x - X j )  (n2- n 1) / ( X2- X P  ] e x p ( -x /X e ( E ) s in 0 ) d x
+ / x 3n 9ex p( -x /X  ( E ) s in 0 ) d x
X2
+ / Xt+[n2+ ( x - x 3) ( n 3- n 2) / ( x 4- x 3) ]exp( -x /X  ( E ) s in 0 ) d x  
X3 e
+ /°° n qe x p ( - x / x  ( E ) s i n e ) d x  } 
xi* d e
( 5 . 3 )
which g iv e s  t h e  a l g o r i t h m
1(0) = KOF(EO/E)Xe (E ) s in 0 ni+(n2“nl)x (E)sin0 exp -xi -exp -x2
X2-X1 I •X (E)sin0 _ e- X (E)sin0 _ e J
+(n 3~nj j X &( E )s in 0 (e x p  
X4-X3 6 \
" x 3
Xe (E ) s in 0
-exp ■xi»
Xe ( E ) s i n 0
( 5 . 4 )
For a model p r o f i l e  w i th  j  ’’s t e p s ” ( t h e  p r o f i l e  in  F ig .  5 . 2  p o s s e s s i n g  tw o) ,  
t h e  a l g o r i t h m  may be g e n e r a l i s e d  to
1(0) * K0F(Eq/E)X (E ) s in 0 n i
j  ( n M + l“ n N)
+ Z Xe ( E ) s i n 0 —— ----- - | e x p
N=1 X2N” X2N-1
-x,2N-1
Xe (E ) s in 0
-exp
- x 2N
X0 ( E ) s i n 0 ( 5 . 5 )
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By c a l c u l a t i n g  1 (0 )  f o r  one component ,  t h e n  t h e  o t h e r  ( k eep in g  th e  x v a l u e s
t h e  same,  b u t  t a k i n g  n^(A) = 100-n£(B) ,  and u s in g  t h e  a p p r o p r i a t e  va lu e  o f
AP ( E ) ) ,  K* may be  e l i m i n a t e d  by c a l c u l a t i n g  I ( B ) / I ( A )  o r  a tom ic  % a s  a c 0
f u n c t i o n  o f  © . For  t h e  equ ipment  used  in t h i s  work,  i t  has  been de te rm ined  
t h a t  F(Eo/E)X£ (E) = c o n s t a n t  ( 1 0 ) ,  f u r t h e r  s i m p l i f y i n g  t h e  c a l c u l a t i o n .
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F i g .  5 . 3  (a)  Model d e p t h  p r o f i l e s ,  (b)  c a l c u l a t e d  a n g u l a r  p r o f i l e s
F i g .  5 .3 b  shows examples o f  two a n g u l a r  p r o f i l e s  (a tom ic  % (©)) c a l c u l a t e d
from t h e  model d e p t h  p r o f i l e s  a d j a c e n t  in  F ig .  5 . 3 a .  Such p r o f i l e s  may be
compared w i th  e x p e r i m e n t a l  d a t a  as  an a i d  t o  i n t e r p r e t a t i o n .  Due t o  th e
number o f  in d e p e n d e n t  v a r i a b l e s  i n  t h e  a l g o r i t h m ,  i t  i s  n o t  p o s s i b l e  t o  work
backwards  from a s e t  o f  e x p e r i m e n t a l  d a t a  t o  a u n iq u e  model d e p t h  p r o f i l e .
I m p l i c i t  i n  t h i s  u s e  o f  the  a l g o r i t h m  i s  t h e  knowledge o f  x (E) f o r  t h e
e
photoelectrons in question (see [3.313).
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[5 .33  LIMITATIONS ON THE USE OF THE ALGORITHM
In P l a t e  5 .1  a s e r i e s  o f  samples o f  p h o to g ra p h ic  em u ls ions  a r e  shown
( c o u r t e s y  o f  Kodak L t d . )  which  have been a n a ly se d  in t h e  ESCA 3 s p e c t r o m e te r
in  MgK^  r a d i a t i o n .  I t  can be seen from t h e  l a t e n t  images t h a t  a c o n i c a l
s e c t i o n  o f  non-un i fo rm  i n t e n s i t y  i s  d e s c r ib e d  by t h e  X-ray beam a c r o s s  t h e
f u l l  width  o f  t h e  sample ( i n  th e  r e l e v a n t  geometry  i e .  an e l e c t r o n  t a k e - o f f  
o
an g le  o f  45 ; t h e  X -ray  gun and e l e c t r o n  c o l l e c t i o n  o p t i c s  b e in g  s e t  a t  an 
ang le  o f  105° t o  each  o t h e r ) .  I t  i s  e v i d e n t  t h a t  a sample o f  t h i s  wid th  
(8mm) would g iv e  r i s e  t o  a l a r g e  u n c e r t a i n t y  in t h e  t a k e - o f f  a n g l e .
T h e r e f o re  a 4mm sample width was adop ted  as s t a n d a r d ,  t h e  s p e c t r o m e t e r  e n t r y  
and e x i t  s l i t s  b e i n g  s e t  t o  2mm width f o r  t h e  a n g u l a r  v a r i a t i o n  work 
p r e s e n t e d  in t h i s  s t u d y .
N o n e th e l e s s  i t  has  t o  be born i n  mind t h a t  a c o n s i d e r a b l e  range  o f  t a k e - o f f
a n g le s  w i l l  be a c c e p te d  by t h e  s l i t s  i n  t h e  d i r e c t i o n  o f  t h e  sample r o t a t i o n
a x i s .  No p r o v i s i o n  f o r  t h i s  e x i s t s  i n  t h e  m a th em a t ic a l  t r e a t m e n t  p r e s e n t e d  
above;  i t  i s  assumed t h a t  t h e  p r e d i c t i o n s  r e g a r d i n g  t h e  b eh a v io u r  o f
t h e  t o t a l  s i g n a l  a s  t h e  sample i s  r o t a t e d  w i l l  s t i l l  be v a l i d .
N a t u r a l l y  th e  a c c u r a c y  of  the  p r e d i c t i o n s  o f  t h e  model w i l l  depend on t h e
acc u racy  of t h e  X v a l u e s  used  in t h e  c a l c u l a t i o n s  and t h e  o v a l u e s  used  in  
t h e  p r o c e s s i n g  o f  th e  e x p e r i m e n t a l  d a t a .  As has  been s t a t e d  in s e c t i o n  
[ 3 . 3 1 ] ,  t h e r e  i s  s t i l l  some d e b a t e  as t o  t h e  c o r r e c t  va lue  o f  X f o r  t h e
carbon 1s p h o t o e l e c t r o n  i n  po lym ers ,  p ro b ab ly  due t o  i t s  dependence  on t h e
sample m a t r i x .  The v a lu e s  adopted  fo r  t h e  p u rposes  o f  u t i l i s i n g  th e  
a l g o r i t h m  have been c a l c u l a t e d  a c c o r d in g  to  Seah ( 1 1 ) ,  g i v i n g  a v a lu e  f o r  C1s 
a t  968 eV o f  28 A, no t  u n r e a s o n a b l e  in  comparison w i th  t h e  e x p e r i m e n t a l  d a t a
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o f  Rober t s  e t  a l .  ( 1 2 ) ,  who o b t a i n e d  va lu e s  o f  29±4 fi fo r  1196 eV e l e c t r o n s  
and 33±5 $ f o r  1328 eV e l e c t r o n s  i n  pMMA (a m a t e r i a l  v e ry  s i m i l a r  t o  t h o s e  
used  in  t h i s  s t u d y ) .
The main l i m i t a t i o n  on t h e  u s e f u l n e s s  o f  th e  a l g o r i t h m  i s  t h a t  t h e  p r e c i s i o n  
o f  the  p r e d i c t i o n  i s  n o t  matched by t h a t  o f  t h e  e x p e r i m e n t a l  d a t a ,  r e s u l t i n g  
in a r a n g e  o f  ( e s s e n t i a l l y  s i m i l a r )  model p r o f i l e s  g iv i n g  a r e a s o n a b l e  f i t  t o  
t h e  d a t a .  With ex t reme ca re  t h e  r e l a t i v e  p r e c i s i o n  o f  th e  d a t a  may be 
b rough t  down t o  ± 2 * ,  even s o ,  r e l a t i v e l y  l a r g e  changes i n  s u r f a c e  s t r u c t u r e  
a r e  n e c e s s a r y  to  e f f e c t  a m ean ing fu l  d i f f e r e n c e  in  t h e  a n g u l a r  XPS p r o f i l e ,  
a s  w i l l  be de m o n s t r a te d  in  s e c t i o n  [ 5 . 5 2 ] .
[ 5 . 4 ]  STEEL SAMPLE TAB SURFACE
In s e c t i o n  [ 5 . 1 ]  i t  was p o s t u l a t e d  t h a t  because  t h e  a r e a  o f  t h e  t o t a l  peak 
envelope  was taken  a s  a measure o f  th e  c o n c e n t r a t i o n  o f  each e lement  i n  t h e  
sample,  a p p l i c a t i o n  o f  th e  s im ple  o v e r l a y e r  t h e o r y  to  t h e  p o l a r - a n g l e  r e l a t e d  
d a t a  was i n a p p r o p r i a t e .  As was ment ioned in t h e  d i s c u s s i o n ,  i t  i s  p o s s i b l e  
t o  de c o n v o lu te  t h e  peaks in  t h i s  ca s e  and a s s ig n  some o f  th e  components t o  
p a r t i c u l a r  chem ica l  s t a t e s  o f  th e  atoms.
In F ig .  5 .4  t h e  deconvo lu ted  C1s, 01s and Fe2p peaks a r e  shown f o r  a t a k e - o f f  
a n g le  o f  15°,  em phas i s ing  t h e r e f o r e  t h e  s t r u c t u r e  immediate t o  t h e  s u r f a c e .  
The C1s • peak  i n d i c a t e s  ma inly  a l i p h a t i c  hydrocarbon ( t h e  energy  s c a l e  h a v in g  
been a d j u s t e d  to  s e t  t h i s  component a t  285 .0  eV b i n d i n g  ene rgy)  and t h e  01s 
peak  has  a h ig h  b in d i n g  energy  component which has  been a s s i g n e d  a s  bound 
w a te r .  This  mixed,  su r f a c e -b o u n d  l a y e r  has  been d e t e c t e d  on s t e e l  by 
XPS (13) and o t h e r  methods (14 ) .
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Fig. 5.4 Deconvoluted peaks for steel sample 
tab at 15° take-off angle 
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Fig. 5.5 Deconvoluted peaks for steel sample 
tab at 65° take-off angle 
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At 65° t a k e - o f f  a n g l e  ( F ig .  5 . 5 )  t h e  s t r u c t u r e  deep e r  i n t o  t h e  sample i s  
be in g  examined,  and i t  can be seen  t h a t  t h e  components o f  t h e  C1s peak a t  
h ig h e r  b in d i n g  ene rgy  a r e  em phasi sed ,  and t h a t  t h e  w a te r  component o f  t h e  01s 
peak i s  no lo n g e r  s i g n i f i c a n t .
The problem o f  a s s i g n i n g  t h e  h i g h e r  b in d i n g  ene rgy  C1s components and t h e  
lower b i n d i n g  ene rgy  01s components r e m a in s .  At t h e  low t a k e - o f f  a n g l e  i t  i s  
l i k e l y  t h a t  t h e  C and 0 peaks w i l l  be m o s t ly  d e r iv e d  from o r g a n ic  compounds,  
whereas a t  t h e  h ig h  t a k e - o f f  a n g le  much o f  t h e  oxygen ( i f  n o t  t h e  ca rbon )  
w i l l  be bound to  i r o n  in  t h e  o x id e  l a y e r .  As t h e r e  i s  no d i s c e r n a b l e  s h i f t  
i n  t h e  b in d i n g  en e rg y  o f  th e  components a s  0 i s  v a r i e d  i t  i s  n o t  obv ious  how 
much o f  each component peak  i s  d e r iv e d  from, say ,  " k e to n e "  oxygen and how 
much from "o x id e"  oxygen i f  bo th  t y p e s  o f  oxygen g iv e  p h o t o e l e c t r o n s  o f  t h e  
same energy .  In t h i s  c a s e ,  t h e n ,  'd eco n v o lu t io n  has  y i e l d e d  v a l u a b l e  
q u a l i t a t i v e  in f o r m a t io n  bu t  has  n o t  h e lp ed  in p ro d u c in g  a dep th  p r o f i l e .
One s o l u t i o n  would be t o  compile  a d e p th  p r o f i l e  by a r g o n - i o n  e t c h i n g ,  
however,  i n  t h e  development o f  d e p t h - p r o f i l i n g  t e c h n iq u e s  f o r  p o ly m ers ,  an 
a l t e r n a t i v e  r o u t e  needs  t o  be so u g h t .
The d a t a  fo r  a l l  s i x  t a k e - o f f  a n g l e s  f o r  t h e  sample t a b  h a s  been com pi led  in  
F ig .  5 . 6 .  The d a t a  i s  p r e s e n t e d  in b a r - c h a r t  form, t h e  t o t a l  h e i g h t  o f  each  
b a r  r e p r e s e n t i n g  100% o f  a l l  atoms a p p a r e n t  i n  t h e  s u r f a c e .  Each b a r  has  
then  been s p l i t  i n t o  t h r e e  main s e c t i o n s  c o r r e s p o n d in g  to  t h e  p e r c e n t a g e  o f  
ca rbon ,  oxygen and i r o n  be ing  a p p a r e n t  ( f o r  example a t  65? t a k e  o f f  a n g l e ,  
t h e  a p p a r e n t  c om pos i t ion  o f  t h e  t a b  i s  46.4% ca rbon ,  46.3% oxygen and 7.3% 
i r o n ) .  Each r e g io n  i s  th e n  broken down f u r t h e r  i n t o  a s s i g n e d  components on 
t h e  b a s i s  o f  th e  d e c o n v o lu t io n  r e s u l t s  (b e in g  a s ig n e d  as o r g a n i c  s p e c i e s ,
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5 . 6  A pparen t  c o m p o s i t io n  o f  s t e e l  sample tab  as 
a f u n c t i o n  o f  t a k e - o f f  a n g l e .
a l t h o u g h  i t  i s  r e c o g n i s e d  t h a t  some o f  t h e  oxygen w i l l  be bound to  i r o n ,  a s  
men t ioned  p r e v i o u s l y ) .
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In  F i g .  5 . 7  t h e  d a t a  h a s  been  r e - c a s t ,  by p l o t t i n g  th e  a p p a r e n t  a tomic  % o f
Fe and 0 ( t a k i n g  t h e  t o t a l  a r e a  o f  t h e  peak e n v e lo p e )  vs t a k e - o f f  a n g l e .  The 
d a t a  p o i n t s  a r e  su p e rp o s e d  on cu rv e s  o b t a i n e d  u s in g  t h e  a l g o r i t h m  d e r i v e d  in
[ 5 . 2 ]  and t h e  model sample t a b  s u r f a c e  p r e s e n t e d  in F ig .  5 . 8 .  The model was 
o b t a i n e d  by t r i a l - a n d - e r r o r  r e f i n e m e n t  t o  g iv e  th e  f i t  t o  t h e  e x p e r i m e n t a l  
d a t a .  I n d i c a t e d  in  a q u a l i t a t i v e  f a s h i o n  on F ig .  5 . 8  i s  t h e  d i s t r i b u t i o n  o f  
chem ica l  t y p e  o f  each  e lem en t  o b ta in e d  from a r e a d i n g  o f  t h e  peak  
d e c o n v o l u t i o n  r e s u l t s .  I t  can be s een  t h a t  t h e  a s s u m p t io n  and m o d e l l i n g  o f  
c o n c e n t r a t i o n  g r a d i e n t s  in  t h e  sample s u r f a c e  g iv e s  an e x c e l l e n t  f i t  t o  t h e  
e x p e r i m e n t a l  d a t a ,  which was n o t  o b t a i n a b l e  from t h e  a p p l i c a t i o n  o f  s im ple  
o v e r l a y e r  t h e o r y .
50
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F i g .  5 . 7  Compos it ion  o f  s t e e l  t a b  as a f u n c t i o n  o f  t a k e - o f f  a n g le  
0 : D a ta  p o i n t s
-  : C a l c u l a t e d  from model dep th  p r o f i l e  i n  F i g .  5 .8
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F i g .  5 . 8  Model d e p th  p r o f i l e  f o r  s t e e l  sample t a b
[5 .51  POLYMER SURFACE STRUCTURE
I t  was found ,  d u r i n g  th e  work on t h e  e l u t i o n  o f  p r o t e i n s  from t h e  s u r f a c e  o f
t h e  " 1 5 - M pMMA/AA copolymer ( s e e  s e c t i o n s  [ 7 . 4 ]  and [ 7 . 5 ] ) ,  t h a t  s o l u t i o n s  o f
i s o p r o p a n o l  in w a te r  were c a p a b le  o f  b r i n g i n g  about  an a p p a r e n t  change  i n  t h e
s u r f a c e  s t r u c t u r e  o f  t h e  polymer a s  measured by c o n t a c t  a n g l e  t e c h n i q u e s .  In
t h i s  s e c t i o n  an XPS i n v e s t i g a t i o n  o f  t h i s  phenomenon i s  p r e s e n t e d  w i th  an 
example o f  t h e  u s e  o f  t h e  a l g o r i t h m  d e r iv e d  in s e c t i o n  [ 5 . 2 ]  a s  an a i d  t o  t h e  
i n t e r p r e t a t i o n  o f  the  d a t a .
[ 5 .5 1 ]  EXPERIMENTAL PROTOCOL
F i lm s  o f  th e  nl 5 - M polymer were c a s t  from 5% s o l u t i o n  in  d ioxan o n to  tw e lve  
sample t a b s  and d r i e d  a t  70°C i n  a v e n t i l l a t e d  oven .  A f t e r  t r e a t m e n t  w i th  
10 mis o f  t h e  a p p r o p r i a t e  s o l u t i o n s  t h e  samples were washed w i th  A na la r  w a te r  
and d r i e d  over  s i l i c a  g e l  in  a d e s i c c a t o r  fo r  48 h o u r s .
XPS a n a l y s i s  was i n  MgK r a d i a t i o n  and a working  vacuum o f  <5x10 ^  T o r r ,  
w i th  t h e  a n a l y s e r  s l i t s  s e t  t o  2mm. The d a t a  was c o l l e c t e d  and p r o c e s s e d  as 
d e t a i l e d  in s e c t i o n  [ 4 .5 3 .
[ 5 . 5 2 ]  RESULTS
29-4
29-0
—a  ex sa line  /  
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q a s  cas t
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F i g .  5 . 9  XPS a n g u l a r  p r o f i l e s  o f  " I S - "  po lymer  s u r f a c e  
b e f o r e  and a f t e r  immers ion i n  s a l i n e  and
i p a / r 2o .
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Shown in F i g .  5 . 9  a r e  th e  XPS a n g u l a r  p r o f i l e s  o f  t h e  " I S - "  polymer " a s  c a s t "  
and a f t e r  80 m in u te s  i n  s i m u l a t e d  p h y s i o l o g i c a l  s a l i n e  ( s e e  [ 6 .3 1 3 )  fo l lowed  
by 80 m in u te s  in  1:1 v / v  IPA/H^O.
I t  can be s een  t h a t  i n s p i t e  o f  t h e  v a r i a b i l i t y  o f  t h e  d a t a  ( a c t u a l l y  o n ly  
^±2% o f  t h e  mean, th e  e r r o r  b a r s  showing ±1 s . d . )  a d i f f e r e n c e  i n  t h e  s h a p e s  
o f  t h e  a n g u l a r  p r o f i l e s  i s  e v i d e n t .  Whereas t h e  " a s  c a s t "  m a t e r i a l  a p p e a r s  
t o  be homogeneous in  c o m p o s i t io n  ( i n  k eep in g  w i th  t h e  f i n d i n g s  o f  C la rk  and 
Thomas on s i m i l a r  m a t e r i a l s  ( 1 5 , 1 6 ) ) ,  t h e  t r e a t e d  m a t e r i a l  shows an a p p a r e n t  
i n c r e a s e  i n  oxygen c o n t e n t ,  e s p e c i a l l y  immediate t o  t h e  s u r f a c e  ( a s  i n d i c a t e d  
by th e  r i s e  i n  t h e  a n g u l a r  p r o f i l e  a t  15 -25°) .
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F i g .  5 .10  C o n ta c t  a n g le  d a t a  f o r  " 1 5 -"  polymer  b e f o r e  and 
a f t e r  immers ion  i n  s a l i n e  and IPA/H^O.
The samples were examined on an I n t e r s k i l l  C o n ta c tm a s t e r  a f t e r  XPS a n a l y s i s ,  
t o  d e t e rm in e  t h e  c r i t i c a l  s u r f a c e  t e n s i o n s  "as  c a s t "  and a f t e r  t r e a t m e n t .  
F i g .  5 . 1 0  shows t h e  r e s u l t s  f o r  t h e  two s e t s  o f  samples  when probed  u s i n g
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m e t h a n o l / w a t e r  m i x t u r e s  ( t h e  s u r f a c e  t e n s i o n s  o f  which h av ing  been measured
{
on a t o r s i o n  b a l a n c e ) .  The c o s i n e  o f  t h e  c o n t a c t  a n g le  i s  p l o t t e d  a g a i n s t  
t h e  s u r f a c e  t e n s i o n  o f  t h e  l i q u i d  forming th e  d ro p  t o  g i v e  t h e  c r i t i c a l  
s u r f a c e  t e n s i o n  Yc a t  cos© = 1 ( s e e  [ 2 .5 2 3 ,  v i ) ) .  I t  can  be seen  t h a t  t h e  
Yc va lu e  f o r  t h e  t r e a t e d  s u r f a c e  ( 3 4 .8 ^ 0 .6  mN/m) i s  s i g n i f i c a n t l y  h ig h e r  
t h a n  t h a t  o f  t h e  s u r f a c e  "as  c a s t "  (28±1.4  mN/m), t h e  d i f f e r e n c e  h a v in g  a 
s i g n i f i c a n c e  on a t w o - t a i l e d  t - t e s t  o f  >99.9%).
The very  s i g n i f i c a n t  s h i f t  i n  yq a s  measured by the  " h y d r o p h i l i c "  methanol  /  
w a te r  b i n a r y  i n d i c a t e s  t h a t  an i n c r e a s e  i n  t h e  number o f  s u r f a c e  p o l a r  g roups  
has  been  e f f e c t e d ,  p r o b a b l y  due t o  t h e  IPA/wate r  m ix tu re  p e n e t r a t i n g  t h e  
polymer s u r f a c e  and c a u s i n g  a r e - o r i e n t a t i o n  o f  t h e  p o l a r  p endan t  g roups  
t o w a rd s  t h e  polymer /  l i q u i d  i n t e r f a c e  ( s e e  [ 7 . 5 3 ) .
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F ig .  5 .11  (a) Model depth  p r o f i l e  fo r  oxygen in  t r e a t e d  " IS - "
s u r f a c e ,  (b) c a l c u l a t e d  an g u la r  XPS p r o f i l e  ( h o r i z o n t a l  
curve) superposed onto d a ta  p o in t s  f o r  t r e a t e d  "15-n 
su r f a c e  ( e r r o r  b a r s  r e p r e s e n t  ±1 s . d . ) .
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Such a change  in  s u r f a c e  s t r u c t u r e  i s  n o t  in  c o n t r a d i c t i o n  w i th  t h e  XPS 
r e s u l t s  p r e s e n t e d  in  F i g .  5 . 9 .  In F i g .  5 .11a a d e p t h  p r o f i l e  i s  p r e s e n t e d  in 
which t h e r e  e x i s t s  a n e a r - s u r f a c e  i n c r e a s e  i n  oxygen w i th  a c o r r e s p o n d i n g  
d e p l e t i o n  o f  oxygen f u r t h e r  i n ,  a s  might  be ex p e c te d  in t h e  polymer s u r f a c e  
f o l l o w i n g  a r e - o r i e n t a t i o n  o f  c e r t a i n  p o l a r  pendan t  g roups  ( t h e  c a r b o x y l  
m o i t i e s  o f  t h e  a c r y l i c  a c i d  r e s i d u e s ,  fo r  example)  tow ards  t h e  s u r f a c e  o f  t h e  
m a t e r i a l .  In  F i g .  5 .1 1 b ,  th e  a n g u l a r  p r o f i l e  c a l c u l a t e d  from t h i s  d e p th  
p r o f i l e  u s i n g  t h e  a l g o r i t h m  d e r iv e d  in s e c t i o n  [ 5 . 2 ]  i s  s u p e rp o s ed  as  a s o l i d  
l i n e  on t h e  r e l e v a n t  d a t a  p o i n t s  from F ig .  5 . 9 .  Of c o u r s e  such  an e x e r c i s e  
does  n o t  p ro v e  t h a t  pen d an t  group r e - o r i e n t a t i o n  h a s  taken  p l a c e ,  o n ly  t h a t  
i t  i s  in  k e e p in g  w i th  t h e  XPS d a t a .  The v a l i d i t y  of  t h i s  u s e  o f  t h e  
a l g o r i t h m  has  been  d i s c u s s e d  in s e c t i o n  [ 5 .3 3 .
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F i g .  5 .1 2  XPS a n g u l a r  p r o f i l e s  f o r  "15-"  po lymer  s u r f a c e ,  
as c a s t  and a f t e r  5 hours  i n  1:1  v / v  IPA/l^O 
( e r r o r  b a r s  r e p r e s e n t  ±1 s . d . ) .
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I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i n i t i a l  t r e a t m e n t  w i th  s a l i n e  i s  e s s e n t i a l
I
t o  t h i s  r e - o r i e n t a t i o n  e f f e c t .  In  an ex p e r im en t  employing  s o l e l y  a 5 hour 
t r e a t m e n t  w i th  IP A /w a te r ,  t h e  XPS a n g u l a r  s c a n s  o f  t h e  t r e a t e d  and u n t r e a t e d  
s u r f a c e s  were  i d e n t i c a l  w i t h i n  t h e  l i m i t s  o f  e r r o r  ( F ig .  5 .1 2 )  and th e  
s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  between t h e  y c v a l u e s  o f  t h e  " a s  c a s t "  
s u r f a c e  (29.5±1 mN/m w i th  m e th a n o l / w a te r )  and t h e  t r e a t e d  s u r f a c e  (3Q t3 .8  
mN/m w i th  m e th a n o l / w a te r )  was l e s s  tha n  60% . (F ig .  5 . 1 3 ) .  I t  seems l i k e l y
0 - 8 - o as cast 
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F i g .  5 .1 3  C o n ta c t  a n g l e  d a t a  f o r  ” 15-"  polymer b e f o r e  and 
a f t e r  immers ion i n  IPA/H^O.
t h a t  t h e  i n t e r a c t i o n  o f  h y d r a t e d  sodium io n s  w i th  t h e  s u r f a c e  c a r b o x y l  g roups  
in  t h e  polymer s t a b i l i s e s  t h e  i o n i s a t i o n  o f  t h e  l a t t e r ,  i n c r e a s i n g  t h e  w a te r  
o f  h y d r a t i o n  and r e s u l t i n g  in a s w e l l i n g  o f  t h e  polymer s u r f a c e  and a 
lo w e r in g  o f  th e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e .  Thus t h e  IPA /w ate r  c o m b in a t i o n  
i s  a b l e  t o  p e n e t r a t e  t h e  s u r f a c e  a t  room t e m p e r a t u r e  and ' e f f e c t  a 
r e o r i e n t a t i o n  o f  t h e  h y d r o p h i l i c  pendan t  groups  ( s e e  s e c t i o n  [ 6 . 3 1 ) .
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F i g .  5 .1 4  C o n ta c t  a n g l e  d a t a  f o r  " 15 -"  po lymer  b e f o r e  and 
a f t e r  immers ion i n  s a l i n e  and H^O.
The s a l i n e  p r e - t r e a t m e n t  i s  n o t  t h e  c a u s e ' o f  t h e  i n c r e a s e  i n  y  , however.  I t
c
can be s een  i n  F i g .  5 . 1 4  t h a t  80 m inu te s  in  s a l i n e  fo l low ed  by 80 m in u te s  in  
w a te r  c a u s e s  no s i g n i f i c a n t  d i f f e r e n c e  in  th e  y  v a l u e s  ob ' ta ined  w i th
m e t h a n o l / w a t e r  f o r  t h e  "as  c a s t "  s u r f a c e  (2$±1.4  mN/m) and t h e  t r e a t e d
s u r f a c e  ( 2 8 .0 ± 0 .8  mN/m).
The e f f e c t  o f  sodium io n s  in  a s s i s t i n g  th e  s w e l l i n g  o f  t h e  polymer s u r f a c e  
w i l l  be d e a l t  w i th  in  d e t a i l  in  t h e  n e x t  c h a p t e r .
[ 5 . 6 ]  SUMMARY
An a l g o r i t h m  has been  d e r i v e d  which a l l o w s  a p r e d i c t i o n  t o  be made o f  t h e  
a n g u l a r  b e h a v i o u r  o f  t h e  XPS s i g n a l  from a p o s t u l a t e d  d e p th  p r o f i l e  
c o n t a i n i n g  c o n c e n t r a t i o n  g r a d i e n t s .  I t  has  been d e m o n s t r a te d  t h a t  t h e  u s e  o f  
t h i s  a l g o r i t h m  can be a v a l u a b l e  a i d  to  t h e  i n t e r p r e t a t i o n  o f  a n g u l a r  XPS
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da ta  from c e r t a i n  t y p e s  o f  s u r f a c e  s t r u c t u r e .
In  t h e  c a s e  o f  polymer s u r f a c e s ,  however,  t h e  a l g o r i t h m  i s  l i m i t e d  in  . i t s  
u s e f u l n e s s  due t o  th e  s u b t l e  n a t u r e  o f  whatever s u r f a c e  s t r u c t u r e  t h e r e  may 
be .  The a p p l i c a b i l i t y  o f  th e  t e c h n i q u e  i s  l i m i t e d  by t h e  a c c u r a c y  and 
p r e c i s i o n  o f  the  XPS measurements,  a s  has  been d em o n s t r a ted  f o r  t h e  d e t e c t i o n  
by XPS o f  a p r o b a b le  pendan t  group r e o r i e n t a t i o n  e f f e c t .
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[6 .0 ]  XPS INVESTIGATION OF POLYMER SURFACES
\
[ 6 . 1 ]  EVALUATION OF SURFACE WATER STRUCTURE 
[6.  11] THE STRUCTURE OF BULK WATER “ A REVIEW
Compared to  s u b s t a n c e s  which should  have s i m i l a r  p r o p e r t i e s ,  fo r  example ^ S ,  
w a te r  i s  a h i g h l y  anomolous m a t e r i a l  (1 ) .  I t  i s  known t h a t  t h e  a b i l i t y  o f  
w ate r  t o  form hydrogen bonds i s  a t  t h e  h e a r t  o f  t h e  m a t t e r ,  however,  a t t e m p t s  
t o  use hydrogen bond fo rm a t io n  in  a s t r u c t u r a l  model o f  w a te r  have  f a i l e d  to  
account  f u l l y  for  i t s  anomolous b e h a v i o u r ;  i n  p a r t i c u l a r  no model o f  w a te r  
s t r u c t u r e  has  s u c c e s s f u l l y  p r e d i c t e d  i t s  l a r g e  h e a t  c a p a c i ty *  Such 
models (2) inc lude  i )  th e  gas h y d r a t e  model -  hydrogen-bonded p o ly h e d ra  
w i th  l a r g e  c a v i t i e s  f o r  i n d i v i d u a l  m o le c u le s ,  i i )  m i x tu r e s  o f  t h e  i c e  
s t r u c t u r e s  I ,  I I ,  and I I I ,  i i i )  s l i g h t l y  expanded i c e  I ,  i v )  a m ix tu r e  o f  
f r e e  m o le c u le s ,  l i n e a r  c h a i n s  and re sonance  s t a b i l i s e d  r i n g  s t r u c t u r e s  ( 3 ) ,
v) a continuum w i th  f l e x i b l e  hydrogen bonds .  The l a s t  o f  t h e s e  has  been  
c r i t i c i s e d  on t h e  b a s i s  o f  t h e  l a r g e  c o v a l e n t  component o f  t h e  hydrogen 
bond ( 1 , 4 ) .
An e a s i l y  v i s u a l i s e d  model i s  t h e  " f l i c k e r i n g  c l u s t e r "  model o f  F rank  and 
Wen (5 )  ( s ee  F ig .  6 . 1 ) .  The hydrogen bond forms as a r e s u l t  o f  t e m pora ry  
d i p o l e s  b e in g  s e t  up in  t h e  two w a te r  m o l e c u le s ,  t h e  r e s u l t i n g  dimer h a v in g  a 
te mporary  d i p o l e  moment which can be s t a b i l i s e d  by f u r t h e r  hydrogen bonding  
with  o t h e r  w a te r  m o l e c u le s .  Thus t h e  fo rm a t io n  o f  hydrogen bonds i s  seen  a s  
a c o o p e r a t i v e  even t  -  i f  one fo rm s ,  many form; i f  one b r e a k s ,  many b r e a k .  
This  g ive s  r i s e  t o  t h e  " f l i c k e r i n g  c l u s t e r s " ,  r e g io n s  o f  i c e - l i k e  w a te r  
c o n s i s t i n g  o f  about 46 m o lecu le s  (6)  and w i th  a l i f e t i m e  o f  10” ^®-10” ^^
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F i g .  6 . 1  F l i c k e r i n g  c l u s t e r  model o f  w a t e r  s t r u c t u r e .
seco n d s  ('HOOO m o l e c u la r  v i b r a t i o n s )  ( 5 ) .  The re m a in in g  w a t e r  e x i s t s  a s  
d i s c r e t e  m o l e c u l e s .
Nemethy and S cheraga  (4)  have produced  a s t a t i s t i c a l  thermodynamic, t r e a t m e n t  
o f  t h e  f l i c k e r i n g  c l u s t e r  model ,  o b t a i n i n g  a good ag reem en t  w i t h  measured 
thermodynamic p a r a m e t e r s  ex c e p t  f o r  h e a t  c a p a c i t y # This  t r e a t m e n t  has  been 
ex ten d ed  to  t h e  s o l u t i o n  o f  h y d ro c a rb o n s  -(7) a l c o h o l s  (8)  and p r o t e i n s  ( 9 ) ,  
i n c l u d i n g  a m e a n in g f u l  t r e a t m e n t  o f  "hydrophob ic  bonding"   ^ However no model  
p r e d i c t s  t h e  a p p a r e n t  changes  in  w a te r  s t r u c t u r e  ( a s  i n d i c a t e d  by such  
p a r a m e t e r s  as  r e f r a c t i v e  inde x ,  h e a t  c a p a c i t y ^  e t c . ) w i th
te m p e r a t u r e  ( 4 , 6 , 1 0 ) ,  a l t h o u g h  model i v )  above may y i e l d  such a p r e d i c t i o n  i f  
given a s u i t a b l e  m a th e m a t i c a l  t r e a t m e n t *  I t  may be s i g n i f i c a n t  t h a t  one o f  
t h e  a p p a r e n t  changes in  s t r u c t u r e  t a k e s  p l a c e  a t  abou t  35°C, r o u g h l y  body 
t e m p e r a t u r e  #
The e f f e c t s  o f  t h e  s t r u c t u r e s  o f  w a te r  and p r o t e i n s  on each  o t h e r  have  been
\
d i s c u s s e d  (3)* The  h y d r o p h i l i c  and hydrophobic  r e g i o n s  o f  a p r o t e i n  m olecu le  
w i l l  b o th  s t r u c t u r e  w a t e r ,  though in  d i f f e r e n t  ways,  t o  g iv e  a p a r t i a l  
c a g e - l i k e  c l a t h r a t e  o r g a n i s a t i o n  t o  t h e  w a te r  in  t h e  immedia te  v i c i n t y  (7 ) .  
To o p t i m i s e  hydrogen bonding  and minimise  e n t r o p i c a l l y  u n f a v o u r a b l e  w a te r  
s t r u c t u r i n g ,  t h e  hyd ro p h o b ic  g roups  o f  th e  p r o t e i n  m olecu le  w i l l  t e n d  to  be 
b u r i e d  in i t s  c o r e ,  w h i l e  w a te r  m o le c u le s  w i l l  i n t e r a c t  w i th  t h e  h y d r o p h i l i c  
groups  t o  cement t h e  p r o t e i n  s t r u c t u r e  ( 1 , 3 ) .  The h e a t  d e n a t u r a t i o n  o f  
p r o t e i n s  may be a t t r i b u t a b l e  t o  t h e  d i s r u p t i o n  o f  t h e  i n t r i c a t e  w a te r  cages  
( h y d r o t a c t o i d s )  s u r r o u n d i n g  and s t a b i l i s i n g  t h e i r  s t r u c t u r e  (1 1 ) .
[ 6 . 1 2 ]  WATER STRUCTURE AT SURFACES
normal wafer structure 
normal water st ructure
O  o  o  Q  ©  o
F i g .  6 . 2  E f f e c t  o f  s u r f a c e  f u n c t i o n a l i t y  on 
i n t e r f a c i a l  w a t e r  s t r u c t u r i n g .
I t  i s  b e l i e v e d  t h a t  t h e  s t r u c t u r e  o f  w a te r  a t  an i n t e r f a c e  w i l l  be more 
o r d e r e d  and permanent  th a n  in  t h e  b u lk .  T h e o r i e s  o f  b i o c o m p a t i b i l i t y  based  
on s u r f a c e  w a te r  s t r u c t u r e  have  been p roposed  as  e x p l a n a t i o n s  o f  t h e  b lo o d  
c o m p a t i b i l i t y  o f  h y d r o g e l s  ( 12 ,13 )*  Recent  r e s e a r c h  has  i n d i c a t e d  t h a t  a 
w a te r  s t r u c t u r e  o p t im a l  f o r  b i o c o m p a t i b i l i t y  may e x i s t ,  a l t h o u g h  i t  r e m a in s
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t o  be c h a r a c t e r i s e d  ( 1 4 ) .  I t  i s  p o s s i b l e  t h a t  t h e  good b lood  c o m p a t i b i l i t y  
of  th e  p o l y u r e t h a n e s  i s  r e l a t e d  to  t h e  a b i l i t y  of  t h e i r  m u l t i - f u n c t i o n a l  
s u r f a c e s  t o  s u p p o r t  t h e  r i g h t  k ind  o f  w a te r  s t r u c t u r e  ( s e e  F i g .  6 . 2 )  ( 1 5 ,1 6 ) .
[6.133 XPS INVESTIGATION
An a t t e m p t  was made to  d e t e c t  a bound w a te r  l a y e r  on t h e  s u r f a c e s  o f  t h e
" 1 5 - M and "60+" copolymers by XPS u s i n g  th e  t e c h n i q u e  o f  a n g u l a r  v a r i a t i o n .
Samples were c a s t  from a 5% s o l u t i o n  in  d r i e d ,  d i s t i l l e d  d ioxan on to  s t e e l
sample t a b s  which had been p o l i s h e d  on a 1pm diamond w hee l .  A f t e r  d r y i n g  f o r  
o1 hour a t  70 C i n  a v e n t i l l a t e d  oven t h e  samples were exposed  to  d ry  a i r  o r  
Analar  w a te r  f o r  1 hour and th e n  oven d r i e d  as b e f o r e .  The sample t a b s  were 
then  b o l t e d  to  t h e  p robe  f o r  XPS a n a l y s i s .
C1s and 01s s p e c t r a  were r e c o rd e d  a t  v a r io u s  t a k e - o f f  a n g l e s  and t h e  
p e r c e n ta g e  oxygen c a l c u l a t e d  fo r  each ang le  as d e s c r i b e d  in  s e c t i o n  [ 4 . 5 ] .  
The C1s and 01s peaks were d eco n v o lu ted  to  de te rm ine  t h e  chem ica l  s t a t e s  o f  
t h e  atoms.
F ig u re s  6 . 3  and 6 . 4  r e p r e s e n t  t h e  d a t a  o b t a i n e d  from th e  polymer s u r f a c e s  as  
c a s t ,  compiled  u s i n g  d e c o n v o lu t io n  d a t a  as o u t l i n e d  f o r  t h e  sample t a b  in  
s e c t i o n  [ 5 - 4 ] .  The u n l a b e l l e d  b la n k  p o r t i o n s  o f  t h e  oxygen components 
r e p r e s e n t  r e s i d u a l s  due t o  cu rve  f i t t i n g  e r r o r s  a t  t h e  t a i l s  o f  t h e  p e a k s .  
The t h e o r e t i c a l  com pos i t ion  b a r  i s  a t  t h e  r i g h t  o f  t h e  f i g u r e s  and i t  can be 
seen  t h a t  t h e  polymer s u r f a c e s  r e f l e c t  t h e  t h e o r e t i c a l  b u lk  c o m p o s i t io n s  v e ry  
w e l l ,  c e r t a i n l y  w i t h i n  t h e  l i m i t s  o f  e r r o r  t o  be e x p e c te d .
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3 A p p a ren t  c o m p o s i t i o n  o f  a s - c a s t  " 1 5 -"  s u r f a c e  as  a  f u n c t i o n  of  
t a k e - o f f  a n g l e .  The s i g n i f i c a n t  component peaks  h a v e  been  
a s s i g n e d .
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F i g .  6 . 4  A pparen t  c o m p o s i t io n  o f  a s - c a s t  "60+" s u r f a c e  
as a f u n c t i o n  o f  t a k e - o f f  a n g l e .
The r e s u l t s  f o r  t h e  samples  which  had been exposed to  w a te r  a r e  p r e s e n t e d  in 
f i g u r e s  6»5 and 6»6» th e  t h e o r e t i c a l  co m p o s i t io n  b a r s  r e f e r r i n g  t o  t h e  b u l k  
co m p o s i t io n  o f  t h e  d ry  m a t e r i a l .  Again t h e r e  i s  no d i s c e r n a b l e  s u r f a c e  
s t r u c t u r e ,  i n d i c a t i n g  t h a t  any s t r u c t u r e d  w a te r  l a y e r  which may have e x i s t e d
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F i g .  6 . 5  A p p a re n t  c o m p o s i t io n  o f  ” 15-"  s u r f a c e  a f t e r  ex p o s u re  t o  
w a t e r  as a f u n c t i o n  o f  t a k e - o f f  a n g l e .
on t h e  polymer s u r f a c e s  h a s  been  removed by t h e  n e c e s s i t y  o f  d r y i n g  and 
exposure  t o  t h e  vacuum in  the  i n s t r u m e n t .
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F i g .  6 .6  Apparen t  co m p o s i t io n  of  "60+" s u r f a c e  a f t e r  ex p o s u re  
t o  w a t e r  as a f u n c t i o n  o f  t a k e - o f f  a n g l e .
Although  t h e s e  r e s u l t s  f a i l  t o  p r o v i d e  any ev idence  f o r  w a te r  s t r u c t u r i n g  a t
t h e  polymer s u r f a c e s ,  th e y  do a t  l e a s t  d e m o n s t r a t e  t h e  p u r i t y ,  homogeneity
and e x a c t i t u d e  o f  c o m p o s i t io n  o f  t h e  po lym ers .
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[ 6 . 2 ]  ABSORPTION OF IONS FROM SOLUTION
[6 .21 ]  IONS AND WATER STRUCTURE -  A REVIEW
The p re s en ce  o f  i o n s ,  i n  p a r t i c u l a r  ca l c iu m ,  i s  known to be a major  f a c t o r  in
22
b lood-po lym er  i n t e r a c t i o n s  (17—19)- Measurement o f  Na u p ta k e  d u r in g  the  
a d s o r p t i o n  o f  albumin t o  p o l y s t y r e n e  h a s  shown t h a t  t h e  e l e c t r o l y t e  p l a y s  a 
r o l e  in  d e t e r m in i n g  t h e  a d s o r p t i o n  mechanism and in r ed u c in g  t h e  i n f l u e n c e  o f
t h e  c h a rg e  on t h e  p r o t e i n  (20 ) .  The r o l e  o f  io ns  and w a te r  in  t h e  c h e m is t ry
o f  p r o t e i n s  has  been  d i s c u s s e d  in d e t a i l  ( 3 ) .
In  th e  r u s h  o f  a c t i v i t y  t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n s  o f  p r o t e i n s  w i th
s u r f a c e s ,  t h e  r o l e  o f  io n s  has  been l a r g e l y  ove r looked .  Accord ing  to
+  — + 9 +Andrade (18) ’’the  u b i q u i t o u s  p re s e n c e  o f  Na , Cl , K y Ca and o t h e r  io n s  
should  h i n t  t h a t  t h e y  might  be im p o r t a n t  . . .  The r o l e  o f  ions  and o t h e r  low 
m o l e c u la r - w e i g h t  s o l u t e s  in  t h e  m o d i f i c a t i o n  o f  w ate r  s t r u c t u r e  and in t h e  
change o f  l o c a l  e l e c t r o s t a t i c  i n t e r a c t i o n s  th rough  d i e l e c t r i c  c o n s t a n t  and 
o t h e r  changes  might  a l s o  be s p e c u l a t e d . "
As i t  i s  g e n e r a l l y  ag reed  t h a t  io n s  would a r r i v e  a t  a b i o m a t e r i a l  s u r f a c e  
p r i o r  t o  p r o t e i n s ,  i t  would seem p r o d u c t i v e  to  i n v e s t i g a t e  t h e  i n t e r a c t i o n s  
o f  polymers w i th  b o th  s p e c i e s .  Ion a d s o r p t i o n  might  be expec ted  to  change  
t h e  n a t u re  o f  a s u r f a c e  c o n s i d e r a b l y ,  p a r t i c u l a r l y  w i th  r e g a r d  to  w a te r  
s t r u c t u r i n g  e f f e c t s .  Scarborough (17) has  p o s t u l a t e d  t h a t  " i t  may be t h e  
manner in  which c e r t a i n  s u r f a c e  p r o p e r t i e s  change a f t e r  c o n t a c t  w i th  plasma 
would p r o v id e  a b e t t e r  c o r r e l a t e  w i th  t h r o m b o r e s i s t a n c e  than  t h e  v a l u e s  o f  
t h e  s u r f a c e  p r o p e r t i e s  b e f o r e  c o n t a c t  w i th  plasma" .
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normal wafer st ructure
normal wafer structure
F i g .  6 . 7  E f f e c t  o f  io n s  on w a t e r  s t r u c t u r e .
I o n s  m odi fy  w a t e r  s t r u c t u r e  in  t h e  F rank  and Wen (5)  model by  a c q u i r i n g  a 
p r im a ry  h y d r a t i o n  s h e l l  o f  s t r o n g l y  o r i e n t e d  w a te r  m o le c u le s  ( s e e  F i g .  6 .7)»
Between t h i s  S h e l l  and t h e  normal w a te r  s t r u c t u r e  in  t h e  b u lk  l i e s  a r e g i o n
where t h e  e l e c t r i c  f i e l d  o f  th e  ion  and th o s e  f o r c e s  o p e r a t i n g  in  t h e  b u l k  
c a n c e l  o u t  t o  g iv e  a r e g i o n  o f  i n c r e a s e d  d i s o r d e r .  The e x t e n t  o f  t h i s  e f f e c t
depends  upon t h e  s i z e  and c h a r g e  o f  t h e  io n ,  i o n s  s m a l l e r  o r  more h i g h l y
+ + “
charged  th a n  K be in g  n e t  s t r u c t u r e  fo rm ers  ( i n c l u d i n g  Na and OH ) and
t h e  r e s t  ( i n c l u d i n g  Cl ) b e in g  n e t  s t r u c t u r e  b r e a k e r s .
[ 6 .2 2 ]  ION ADSORPTION TO CHARGED SURFACES
In t h i s  s e c t i o n  a s i m p l i f i e d  t h e o r e t i c a l  t r e a t m e n t  w i l l  be p r e s e n t e d  which  
summarises  t h e  d e t a i l e d  a n a l y s e s  o f  Gouy (21 22) ,  Debye and Huckel  ( 2 3 ,2 4 )  
and S t e r n  (2 5 ) .  The i d e a s  deve loped  he re  a r e  i n t e n d e d  f o r  u se  i n  a
q u a l i t a t i v e  d i s c u s s i o n  o f  t h e  phenomena observed  in t h i s  work*
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F i g .  6 . 8  P o t e n t i a l  as  a  f u n c t i o n  o f  d i s t a n c e  from a ch a rg e d  s u r f a c e .
C ons ide r  a p l a n e  s u r f a c e  b e a r i n g  a un i fo rm  n e g a t i v e  cha rge  d e n s i t y  in  c o n t a c t  
w i th  a s o l u t i o n  o f  e q u a l  numbers o f  p o s i t i v e  and n e g a t i v e  io n s  ( s e e
F i g .  6 * 8 ) .  The e l e c t r i c a l  p o t e n t i a l  a t  t h e  s u r f a c e  i s  taken  t o  be and
t h e  s o l u t i o n  p o t e n t i a l  ¥ d e c r e a s e s  t o  ze ro  as  t h e  d i s t a n c e  from t h e  s u r f a c e  
x i n c r e a s e s .
At a g iven  p o i n t  t h e  p o t e n t i a l  ene rgy  of  an ion  i s  zeT. The p r o b a b i l i t y  o f  
f i n d i n g  an io n  a t  a g iven p o i n t  can the n  be d e s c r i b e d  by a Boltzmann 
f u n c t i o n :
n+ = n0ex p ( -zeT /k T )  n = ngexpC+ze^/kT) (6,. 1)
where n i s  t h e  c o n c e n t r a t i o n  o f  p o s i t i v e  or  n e g a t i v e  ion a t  p o t e n t i a l  Y and
nQ i s  t h e  i o n  c o n c e n t r a t i o n  a t  z e r o  p o t e n t i a l  (x= » ) .
The n e t  ch a rg e  d e n s i t y  p i s  o b t a i n e d  from
4- —p = ze (n  -n  ) = -2 n 0zeT s inhy  ( 6 . 2 )
where y = ze'i '/kT
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To e v a l u a t e  t h e  form of  T (x ) ,  in  the '  form y ( x ) ,  P o i s s o n ’ s theorem i s
\
i n v o k e d :
4 = - W D  ( 6 ‘ 3)
dx
where D i s  the  d i e l e c t r i c  c o n s t a n t  o f  the  medium, g iv in g
A 1 0 ^d y . 2nnze . ,— 4irze .— -— . s m h y
dx DkT
= K^sinhy
where
2 2^2 _ 87rnoz e 
DkT
For  zeT<<kT, y<<1 and s inhy=y,  g iv i n g
A = K 2y ( 6 ' 5)
dx
This  i s  solved  by i n s p e c t i o n ,  w i th  t h e  boundry c o n d i t i o n s  o f  y = 0 and
dy/dx  = 0 a t  x = oo, and T = To a t  x = 0,  by
y = y0exp(-Kx) ( 6 .6 )
where y Q = zeTg/kT to  g ive
y (x )  = ^ Qexp(-Kx) ( 6 ,7 )
Sample curves  o f  p o t e n t i a l  vs  d i s t a n c e  a r e  sk e tch e d  in F ig .  6 . 9 .
This  a n a l y s i s  d e s c r i b e s  a d i f f u s e  boundry l a y e r  a t  t h e  i n t e r f a c e  whose i o n i c  
com posi t ion  w i l l  v a r y  wi th  x as g iven by e q n . ( 6 . 7 )  i n  a smooth f a s h i o n .  
However t h i s  t r e a t m e n t  b r e a k s  down a t  smal l  Kx v a lues  when i s  l a r g e ,  due 
t o  t h e  assumption  o f  p o i n t  c h a r g e s .
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F i g .  6 .9  Example 'F(x) cu rves
S te r n  has  a d d r e s s e d  t h i s  p o i n t  (25)  and a t t r i b u t e s  a d e f i n i t e  s i z e  t o  t h e  
i o n s ,  d i v i d i n g  b o th  t h e  s u r f a c e  reg ion ,  and t h e  b u lk  s o l u t i o n  i n t o  o c c u p i a b l e  
s i t e s  a s  shown in F ig .  6 .1 0 ,  the  f r a c t i o n  o f  s i t e s  o ccup ied  b e in g  d e t e rm in e d  
by a Boltzmann f u n c t i o n .
P u t t i n g  So = number o f  o c c u p i a b l e  s i t e s  on t h e  s u r f a c e ;  Sg = number o f
s u r f a c e  s i t e s  o c c u p i e d ;  and <5q = zeSo,  t h e  s u r f a c e  ch a rg e  d e n s i t y ,  t h e n
6 / ( 6 0-6  ) = r a t i o  o f  occup ied  to  unoccupied  s i t e s ,  s s
F o r  the  s o l u t i o n  p h a s e ,  t h i s  i s  s im p ly  the  mole f r a c t i o n  No o f  t h e  s o lu t e *  
Accord ing  t o  S te rn
= Noexp(ze'f  +$)/kT ( 6 . 8 )
( < $ o - y
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F ig .  6 .10  S te m  la y e r  scheme
i s  t h e  p o t e n t i a l  a t  a p o i n t  which  d i v i d e s  t h e  d i f f u s e  l a y e r  d e s c r i b e d  by
t h e  t r e a t m e n t  o f  Gouy and a compact doub le  l a y e r  which i s  immobile i n  t h e
S te r n  scheme ( s e e  F i g .  6 . 1 0 ) .  In t h e  S t e r n  l a y e r  i t s e l f
T(x) -  ( ^ 0- ^ ) x / 6  
Where 6 i s  t h e  S t e r n  l a y e r  t h i c k n e s s .
The f a l l  in  t h e  p o t e n t i a l  may occur  in  two ways (26) ( s e e  F i g .  6 . 1 1 ) ,  c a s e  I
( a p p a r e n t  r e v e r s a l  o f  t h e  s u r f a c e  p o t e n t i a l )  h av ing  been o bse rved  f o r  ” 15 " 
i n  s a l i n e  ( s e e  be low ) ,  a l t h o u g h  i t  o c c u r s  more commonly f o r  t h e  a d s o r p t i o n  o f  
m u l t i  v a l e n t ,  r a t h e r  th a n  s i n g l e  v a l e n t *  i o n s .  This  e f f e c t  may be d e t e c t e d  by 
a measurement o f  t h e  z e t a  p o t e n t i a l  £ , which measures  t h e  p o t e n t i a l  a t  t h e
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F i g .  6 . 1 1  Sample 'i'(x) cu rves  i n  S t e m  scheme
hydrodynamic s h e a r  p l a n e  which  may be e i t h e r  a t  o r  nea r  t o ,  t h e  o u t e r  
Helm hol tz  p la n e  (27 ) .
[6 .231  ZETA POTENTIAL MEASUREMENTS
A s e l e c t i o n  o f  model a c r y l i c  po lym ers  was made from th e  r a n g e  produced  by t h e  
L i v e r p o o l  b i o m a t e r i a l s  group to  g i v e  a s p r e a d  o f  s u r f a c e  c h a rg e s  from h ig h  
d e n s i t y  o f  n e g a t i v e ,  t h ro u g h  n e u t r a l ,  t o  p o s i t i v e  s u r f a c e  charge*  A s m a l l  
q u a n t i t y  of  th e  polymer was m ul led  w i th  t h e  a p p r o p r i a t e  l i q u i d  medium 
( M i l l i p o r e - f i l t e r e d  w a te r  o r  0 . 1 5M NaCl) and t h e  z e t a  p o t e n t i a l  S d e t e rm in e d  
on a L a s e r  Zee 500 i n s t r u m e n t .
The r e s u l t s  a r e  p r e s e n t e d  in F i g .  6 . 1 2 .  I t  can be seen  t h a t  i n  pure  w a te r  
(w i th  a r e s i s t i v i t y  of  >0.18 Mohn m ) t h e  p o l a r i t y  o f  t h e  s u r f a c e  c h a r g e  as 
i n d i c a t e d  by t h e  z e t a  p o t e n t i a l  i s  a f u n c t i o n  o f  t h e  c o m p o s i t io n  o f  t h e  
polymer ( e x p r e s s e d  as a p e r c e n t a g e  o f  th e  c h a rg e  fo rming monomer i n  a MMA
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F i g .  6 .1 2  Z e t a  p o t e n t i a l  as a f u n c t i o n  of  po lymer  
co m p o s i t io n  and l i q u i d  p h a s e .
m a t r i x ) ,  a l t h o u g h  i t s  magnitude  i s  n e a r l y  in d e p en d en t  o f  t h e  c o n c e n t r a t i o n  o f  
t h e  c h a r g e - f o r m i n g  monomer in  t h e  m a t e r i a l .  An anomoly i s  t h e  a p p a r e n t  
c h a rg e  r e s i d i n g  on pure pMMA, which may be due to t e m pora ry  d i p o l e s  r e s i d i n g  
on t h e  e s t e r  g roups  in  t h e  poyrosr s u r f a c e .
When s a l i n e  s o l u t i o n  i s  u sed  in  p l a c e  o f  w a te r  t h e  maximum p o t e n t i a l  i s  found 
on t h e  n e u t r a l  polymer* The p o t e n t i a l  d e c r e a s e s  from t h i s  p o s i t i v e  v a l u e  f o r  
b o th  copolymer  f o r m u l a t i o n s ;  s h a r p l y  f o r  i n c r e a s i n g  l e v e l s  o f  AA and more 
g e n t l y  for  i n c r e a s i n g  l e v e l s  o f  DMAEMA.
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Fig. 6.13 Zeta potential for M15~u and "40+" 
as a function of time.
The z e t a  p o t e n t i a l s  o f  t h e s e  s u s p e n s i o n s  were r e -m e a s u re d  a f t e r  24 h o u r s  
w i th  t h e  r e s u l t i n g  changes b e in g  i n d i c a t e d  on F ig .  6 . 1 2 .  I t  was a p p a r e n t  
t h a t  a long  te rm  p r o c e s s  was o p e r a t i n g  whereby t h e  z e t a  p o t e n t i a l  was 
r e v e r t i n g  back  t o  t h a t  measured in pure  w a te r .  Th is  change  can be obse rved  
in p r o g r e s s  over 4 hou rs  i n  F ig .  6 . 1 3 ,  One p o s i t i v e l y  cha rged  and one 
n e g a t i v e l y  charged polymer were m u l led  in  0.15M NaCl and t h e  z e t a  p o t e n t i a l  
measured  as  a f u n c t i o n  o f  t i m e .  The g r a d u a l  decay o f  t h e  p o s i t i v e  z e t a  
p o t e n t i a l  o f  th e  pMMA/AA m a t e r i a l  i s  i n d i c a t i v e  o f  a change  in  t h e  n a t u r e  o f  
t h e  polymer /  e l e c t r o l y t e  i n t e r f a c e  and w i l l  be i n v e s t i g a t e d  in  more d e t a i l  
in t h e  f o l l o w i n g  s e c t i o n s .
I t  was no te d  t h a t  t h e s e  measurements  were n e i t h e r  v e r y  r e l i a b l e  (due t o  t h e  
s c a r c i t y  o f  o b s e r v a b l e  p a r t i c l e s )  nor  r e p r o d u c i b l e  (due i n  p a r t  t o  t h e  
m u l l i n g  p r o c e d u r e ) .  The s h o r t n e s s  o f  th e  e r r o r  b a r s ,  a r i s i n g  from a s e r i e s  
o f  measurements  a t  d i f f e r i n g  a p p l i e d  p o t e n t i a l s  on t h e  same a l i q u o t  o f  
sample i s  somewhat m i s l e a d i n g .  "Zeta  p o t e n t i a l  measurements  made on t h e  same
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a p p a r a t u s  u s i n g  t h e  same m a t e r i a l s  in w a te r  by a n o th e r  worker (28) d i f f e r  in
i
magnitude and f o r  pMMA, in  d i r e c t i o n ,  to  th o s e  made h e r e .  The r e s u l t s  
p r e s e n t e d  a r e  t h e r e f o r e  t o  be i n t e r p r e t e d  as a q u a l i t a t i v e  i n d i c a t i o n  o f  th e  
n a t u re  o f  t h e  i n t e r a c t i o n s  o f  t h e  polymer w i th  i o n s ,  and as an a i d  to  t h e  
i n t e r p r e t a t i o n  o f  t h e  XPS d a t a  t o  be p r e s e n t e d  in t h e  n e x t  s e c t i o n .
[6 ,33 XPS STUDIES OF ION ABSORPTION
C6.31] EXPERIMENTAL PROTOCOL
The s o l u t i o n  termed " s i m u la t e d  p h y s i o l o g i c a l  s a l i n e "  or  "NaCl" i n  t h e  
f o l l o w i n g  work was made up from NaOH t o  be 0.15M with  r e s p e c t  to  Na+ io n ,  
a d j u s t e d  to  pH 7 . 4  w i th  h y d r o c h l o r i c  a c i d  ( a l l  r e a g e n t s  b e i n g  A nala r  g r a d e ) .  
Th is  s o l u t i o n ,  a s i m u l a t i o n  o f  t h e  s a l i n i t y  o f  b lood  plasma (2 9 ) ,  was taken  
to  be a t  a c o n c e n t r a t i o n  o f  1 ([NaCl]=1 on th e  a p p r o p r i a t e  g r a p h s ) ,  and was 
d i l u t e d  with  Analar  w a te r  (eg .  4:1 t o  g iv e  [N aCl]=0.2)  f o r  some o f  t h e  
s t u d i e s  p r e s e n t e d  h e r e .
Polymer f i l m s  were c a s t  from dioxan on to  s t e e l  sample t a b s  and d r i e d  a t  70°C 
i n  a v e n t i l l a t e d  oven.  The f i l m s  th e r e b y  produced were d e t e rm in e d  by 
weighing  to  ave ra ge  70um i n  t h i c k n e s s .
The samples were immersed in 10ml o f  t h e  a p p r o p r i a t e  s o l u t i o n  in  s to p p e r e d  
g l a s s  v i a l s  (which were r i g o r o u s l y  washed w i th  A na la r  w a te r  between 
exper im en t s  and oven d r i e d ) .  A f t e r  t h e  r e q u i r e d  immersion t im e  th e  samples  
were washed g e n t l y  w i th  Anala r  w a te r  t o  remove excess  t e s t  s o l u t i o n ,  oven 
d r i e d  as b e f o r e  and s t o r e d  over s i l i c a  g e l  in a d e s i c c a t o r .
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XPS a n a l y s i s  was per formed in  MgKa r a d i a t i o n  a t  an e l e c t r o n  t a k e - o f f  a n g le  
. o
o f  45 . The s p e c t r o m e te r  vacuum v a r i e d  with  t h e  c o n d i t i o n  o f  t h e  i n s t r u m e n t
- 9
b u t  was g e n e r a l l y  <2x10 T o r r .  The t r e a t m e n t  o f  d a t a  has  been o u t l i n e d  in 
s e c t i o n  [4.51*
The l e v e l s  o f  ion  u p ta k e  were g e n e r a l l y  v e ry  low ( <1%) so t h a t  no 
s p e c t r o s c o p i c  consequences  (eg .  peak s h i f t s )  were no ted .  The s t u d i e s  were 
t h e r e f o r e  concerned  s o l e l y  w i th  t h e  q u a n t i f i c a t i o n  o f  the  ions  ta ken  up a s  a 
p e r c e n t a g e  o f  the  t o t a l  number o f  d e t e c t a b l e  atoms a p p a r e n t .
[ 6 .3 2 ]  ION UPTAKE WITH RESPECT TO POLYMER SURFACE CHARGE
As can be seen  from F ig .  6 . 1 4 ,  th e  atomic  % o f  adsorbed sodium d e t e c t e d  by 
XPS i s  a s t r o n g  f u n c t i o n  o f  polymer com posi t ion  -  none be ing  d e t e c t e d  on t h e  
p o s i t i v e l y  charged m a t e r i a l s .  Although th e  immersion t ime  (3 h ou rs )  i s  n o t  
long  enough fo r  t h e  e s t a b l i s h m e n t  o f  e q u i l i b r i u m  (sane polymer d e t e r i o r a t i o n  
t a k i n g  p l a c e  a t  longe r  immersion t i m e s ) ,  i t  can be seen t h a t  t h e  s u r f a c e s  
which a r e  n e g a t i v e l y  charged in pure w ate r  t a k e  up sodium io n s  e x c l u s i v e l y
( c h l o r i d e  l e v e l s  o f  <0.03% b e in g  a measurement o f  " n o i s e " )  and t h a t  t h e  
p o s i t i v e l y  charged s u r f a c e s  t a k e  up c h l o r i d e  ion  e x c l u s i v e l y .  At polymer 
c o m p o s i t io n s  o f  >4 0% DMAEMA, d i s s o l u t i o n  o f  t h e  m a t r i x  was o b s e rv e d ,
presumably  t h e  reason  fo r  t h e  f a l l - o f f  in  c h l o r i d e  l e v e l  d e t e c t e d  in  t h e  
s t r o n g l y  p o s i t i v e  s u r f a c e s .  I t  i s  g r a t i f y i n g  t o  no te  t h a t  t h e  n e u t r a l  pMMA 
ta k e s  up n e i t h e r  sodium nor c h l o r i d e  io n .
To a s s e s s  t h e  e f f e c t s  o f  v a ry in g  o t h e r  p a r a m e t e r s ,  t h e  " 15 -"  and "60+" ( o r  
"40+" i n  c e r t a i n  c a s e s )  polymers were chosen f o r  f u r t h e r  s tu d y  f o r  a c o n t r a s t  
o f  s u r f a c e  ch a rge .
159
A B S O R P T I O N  OF IONS F RO M  S I M U L A T E D  PHYSIOLO GICAL S A L I N E  
ATO M IC %  3hr  i m m e r s i o n
a Na 
o Cl
10 20 30 AO 50 6020 10 0
°/o A A  V oDM A EM A
F i g .  6 .1 4  Ion  u p ta k e  from s a l i n e  as a f u n c t i o n  
o f  polymer  c o m p o s i t io n .
[6 .331  ION UPTAKE WITH RESPECT TO pH
The exchange o f  i o n s  from t h e s e  u n b u f f e r e d  s o l u t i o n s  by t h e  polymer  w i l l
r e s u l t  in a change  o f  pH. The magnitude  o f  t h i s  pH change was a s s e s s e d  u s i n g
a r e c o r d i n g  pH mete r  by i n t r o d u c i n g  1 .6g  o f  polymer powder i n t o  50ml o f
A nala r  w a te r  o r  s i m u l a t e d  p h y s i o l o g i c a l  s a l i n e  in  a s t o p p e r e d ,  s t i r r e d
r e a c t i o n  v e s s e l .
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F i g .  6 .15  pH as a f u n c t i o n  o f  t ime a f t e r  a d d i t i o n  of  
po lym er  powder f o r  A n a la r  w a t e r .
The s t a r t i n g  pH o f  t h e  w a te r  (F ig s .  6 153 and 6 .1 5 b )  i n d i c a t e s  t h a t  t r a c e s  o f  
d i s s o l v e d  io n  a r e  p r e s e n t  ( p r o b a b ly  r e s u l t i n g  from the  a b s o r p t i o n  o f  CO2 
from th e  a i r ) ,  l e a d i n g  to  an e x c e s s  o f  H+ i o n s  over  OtT io n s  i n  s o l u t i o n .  
A d d i t i o n  o f  ” 15 -” polymer r e s u l t s  i n  a r a p i d  change in t h e  pH o f  t h e  w a t e r  t o  
e q u i l i b r i u m  a t  pH ^4.3 whereas  a d d i t i o n  o f  n60+,T polymer l e a d s  t o  a more 
g e n t l e  r a t e  o f  change  o f  pH which f a i l s  to  r e a c h  e q u i l i b r i u m  a f t e r  3 h o u r s .
The s t a r t i n g  pH o f  s i m u l a t e d  p h y s i o l o g i c a l  s a l i n e  ( F i g s .  6 .16a  and 6 . 1 6 b ) ,  
however,  i n d i c a t e s  an e x c e s s  o f  OH io n s  over H+ io n s  as  b e i n g  p r e s e n t  ( i n  
a d d i t i o n ,  n a t u r a l l y  t o  Na and Cl i o n s ) .  The a d d i t i o n  o f  M1 5 -n t o  t h i s
'15"" in s im u la ted  physiological sal ine
161
pH
6
7
8
J
pH
8
0 60 
6 0 +# in simulated physiological sa l ine
120 . 180 
t , min
a
0 60 120
t, min
180
F i g .  6 .1 6  pH as a f u n c t i o n  o f  t ime a f t e r  a d d i t i o n  o f  
po lym er  powder f o r  s i m u l a t e d  s a l i n e .
s o l u t i o n  l e a d s  t o  a more g e n t l e  r a t e  o f  change  o f  pH than  in  pure  w a t e r ,  
w hereas  t h e  pH changes more r a p i d l y  w i th  ,,60+” and a p p e a r s  t o  app ro ac h  
e q u i l i b r i u m  a t  around pH 9.
C o n s id e r i n g  t h e  l i k e l y  ion  exchange  mechanism in  th e  ” 1 5 - ” polymer s u r f a c e  
t h e  e q u i l i b r i u m  e q u a t i o n  may be  w r i t t e n  as
( 1 5 - ) “ H+ + Na+ + Cl”  (15 -)"Na+ + H+ + Cl“
The e q u i l i b r i u m  c o n s t a n t  f o r  t h i s  p r o c e s s  i s  t h e r e f o r e  pH -dependent  and th e  
e q u i l i b r i u m  w i l l  remain  over t o  t h e  LHS a t  low pH v a l u e s ,  t h e  d a t a  in  
F i g .  6 .15a  i n d i c a t i n g  t h a t  no sodium should  be taken  up from a s o l u t i o n  o f  pH
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l e s s  t h a n  pH 4 . 3 .
+
This  was conf i rm ed  u s i n g  XPS t o  m o n i to r  t h e  u p ta k e  o f  Na i o n s  from 
s o l u t i o n s  o f  t h e  same c o n c e n t r a t i o n  (0.15M) w i t h  r e s p e c t  t o  sodium ion  b u t  
w i th  v a r y i n g  c o n c e n t r a t i o n s  o f  Cl” ion  t o  e f f e c t  pH c o n t r o l  ( F i g .  6 . 1 7 ) .
*15-" 3 hr immersion
o
o
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F i g .  6 .1 7  Sodium io n  u p ta k e  by " I S - "  as a f u n c t i o n  o f  pH
As pH c o n t r o l  i s  d i f f i c u l t  w i th  t h e  NaOH /  HC1 sys tem ,  i t  was n o t  d e t e r m in e d
w he the r  o r  n o t  sodium ion i s  a b s o rb e d  from s o l u t i o n s  o f  pH im m ed ia te ly  be low 
pH 4 . 3 .  The g e n e r a l  shape  o f  th e  u p t a k e  cu rve  as a f u n c t i o n  o f  pH i s  shown,
however,  a b s o r p t i o n  o f  any ion  b e in g  e f f e c t i v e l y  h a l t e d  a t  low pH. I t  i s
t h e r e f o r e  a p p a r e n t  t h a t  t h e  u p t a k e  o f  sodium io n s  i s  d ep en d e n t  upon t h e  
a c i d i c  i o n i s a t i o n  o f  t h e  s u r f a c e  c a rb o x y l  g roups ,  which i s  s u p p r e s s e d  below 
pH 4 . 3 .
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Frcm a c o n s i d e r a t i o n  o f  th e  ion  exchange o c c u r r i n g  i n  t h e  "60+" s u r f a c e ,  t h e  
e q u i l i b r i u m  e q u a t io n  may be w r i t t e n  as
( 6 0 0  + Cl" + H+ + Na+ (60+) H+ Cl” + Na+
so t h a t  t h e  e q u i l i b r i u m  w i l l  l i e  t o  t h e  LHS a t  h igh  s o l u t i o n  pH. Comparison 
o f  F ig s  6. 15b and 6 .16b  i n d i c a t e s  t h a t  t h e r e  i s  a r e s e r v o i r  o f  H+ a c c e p t o r  
s i t e s  in  t h e  n60+M polymer w hich ,  in  t im e ,  may be  a c c e s se d  i f  t h e  H+ ion  
r e s e r v o i r  i s  l a r g e  enough.  L i k e w i s e 9 a r e s e r v o i r  o f  H+ donor s i t e s  in  t h e  
" I S - ” polymer i s  a p p a r e n t  so t h a t  i t  would appea r  t h a t  ion  u p ta k e  i s  l i k e l y  
to  i n v o l v e  a b s o r p t i o n  o f  w a te r  and exchange o f  ions  in  t h e  b u lk  o f  t h e  
polymer r a t h e r  t h a n  b e in g  c o n f in e d  to  t h e  s u r f a c e .
[6 .3 4 ]  UPTAKE WITH RESPECT TO TIME
An XPS i n v e s t i g a t i o n  o f  ion u p ta k e  as a f u n c t i o n  o f  t ime d e m o n s t r a t e s  t h a t  i t  
i s  indeed  an a b s o r p t i o n  phenomenon.
The curves  f o r  u p ta k e  o f  c o u n t e r i o n  from s im u la te d  p h y s i o l o g i c a l  s a l i n e  f o r  
t h e  n1 5 - ,f and "6 0+” model po lymers  a r e  shown in  F ig .  6 . 1 8 .  Whereas t h e  
u p take  o f  c h l o r i d e  ion  by t h e  p o s i t i v e l y  charged polymer r e a c h e s  an
e q u i l i b r i u m  l e v e l ,  sodium ion c o n t i n u e s  t o  i n c r e a s e  in  c o n c e n t r a t i o n  i n  t h e  
” 15-" s u r f a c e .  The d a ta  f o r  t h e  s i m i l i o n s  i s  e n t e r e d  on to  a l o g - l o g  p l o t  o f
t h e s e  curves  in  F ig .  6 .1 9 ,  from which i t  i s  e v i d e n t  t h a t  a v e r y  h ig h  d eg ree
o f  s e l e c t i v i t y  i s  shown by t h e s e  m a t e r i a l s  w i th  r e g a r d  to t h e i r  u p ta k e  o f  
ions  from s o l u t i o n .
The l o g - l o g  p l o t  o f  t h i s  d a t a  a l s o  em phasises  t h e  d i f f e r e n c e s  i n  t h e  ion
uptake  behav iour  between t h e s e  two m a t e r i a l s ,  t h e  o j i v e  cu rv e  f o r  t h e  ”60+" 
p ro b ab ly  be ing  a f e a t u r e  o f  i t s  s o l v a t i o n  by s a l i n e .  The d a t a  f o r  sodium
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ABSORPTION OF COUNTER ION
Na
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F i g .  6 . 1 8  C o u n t e r - i o n  up ta k e  as a  f u n c t i o n  o f  t im e .
u p ta k e  by " 1 5 - " ,  however,  f i t s  a s t r a i g h t  l i n e  t o  g iv e  t h e  r e l a t i o n s h i p
a tom ic  % sodium = 0 . 0 0 6 t ^ ’ ^ (p=0.999)
I t  has been  shown (30)  t h a t  t h e  c o n c e n t r a t i o n  o f  a s u b s t a n c e  a t  an i n t e r f a c e ,  
Cq , ( a s  migh t  be e x p e c te d  to  be measured by XPS) d u r i n g  i t s  d i f f u s i o n  from
one s i d e  o f  an i n t e r f a c e  i n t o  t h e  o t h e r  i s  g iven  by
C0 * 2q(t/7rD)* ( 6 . 9 )
where q = t h e  r a t e  o f  g e n e r a t i o n  o f  t h e  d i f f u s i n g  s u b s t a n c e  a t  t h e  i n t e r f a c e ,  
h e r e  e q u i v a l e n t  t o  t h e  c o n c e n t r a t i o n  o f  t h e  r e l e v a n t  ion  in  s o l u t i o n ;
D = t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s u b s t a n c e  in t h e  b a s e  m a t e r i a l ;
t  = t ime  .
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A B S O R P T I O N  OF C O U N T E R  ION FROM S IM U L A T E D  
P H Y S IO L O G IC A L  S A L I N E
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F i g .  6 .1 9  l o g - l o g  p l o t  o f  d a t a  from F i g .  6 . 1 8 ,  i n c l u d i n g  s i m i l i o n s .
The a b s o r p t i o n  o f  c h l o r i d e  io n  by "40+" ( F i g .  6 .2 0 )  f o l l o w s  t h e  same
r e l a t i o n s h i p  w i th  t i m e :
a to m ic  % c h l o r i n e  = 0 . 0 0 5 7 t ^ ’ ^  (p=0.S8)
and as can be s e e n  from F i g .  6 . 1 4 ,  t h e  "15-"  and "40+" m a t e r i a l s  have  shown
s i m i l a r  u p t a k e  r a t e s  o f  t h e i r  r e s p e c t i v e  c o u n t e r - i o n s .
I t  i s  t h e r e f o r e  con c lu d ed  t h a t  t h e  obse rved  phenomenon i s  t h e  d i f f u s i o n  o f  
c o u n t e r i o n s  i n t o  t h e  b u l k  of  t h e  po lym er ,  t h e  t^*^  te rm  i n  eqn .  ( 6 . 9 )  b e in g  
m o d i f i e d  to t ? ' ^  p o s s i b l y  by th e  c h a n g in g  n a t u r e  o f  t h e  i n t e r f a c i a l  r e g i o n  
as  t h e  h y d r a t e d  i o n s  i n t e r a c t  w i th  t h e  polymer m a t r i x .
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ABSORPTION OF COUNTERION FROM 
SIMULATED PHYSIOLOGICAL SALINE
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F i g .  6 . 2 0  Cl u p ta k e  by "40+" from s im u l a t e d  s a l i n e .
[6. 351 ION UPTAKE WITH RESPECT TO ELECTROLYTE CONCENTRATION
D i f f e r e n c e s  i n  t h e  a b s o r p t i o n  b e h a v i o u r  in t h e  two t y p e s  o f  polymer  a r e  
shown, however,  a s  th e  e l e c t r o l y t e  c o n c e n t r a t i o n  i n  s o l u t i o n  i s  v a r i e d .
In  t h i s  s e r i e s  o f  e x p e r i m e n t s  t h e  s t o c k ' s o l u t i o n  o f  " s i m u l a t e d  p h y s i o l o g i c a l  
s a l i n e "  was d i l u t e d  w i t h  "Analar  w a t e r ' t o  v a r i o u s  d e g r e e s  t o  i n v e s t i g a t e  t h e  
e f f e c t  o f  e l e c t r o l y t e  c o n c e n t r a t i o n  on ion  u p t a k e .
ABSORPTION OF COUNTERION 
15- 3hr immersion
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F ig .  6 .24  C oun terion  up take  w rt  c o n c e n tra t io n  by " 1 5 -" .
F ig s  6 . 2 1 , 6 . 2 2  and 6 . 2 3  show t h e  u p ta k e  cu rves  f o r  t h e  " 1 5 - "  and "60+"
polymers  a f t e r  immers ion  t im es  o f  30 m i n u t e s ,  3 h o u r s  and 24 h o u rs  
r e s p e c t i v e l y .  I t  can be seen  t h a t  whereas  u p ta k e  o f  t h e  c o u n t e r - i o n  i s  a 
f u n c t i o n  o f  c o n c e n t r a t i o n ,  no  s i m i l i o n  i s  a b so rbed  by e i t h e r  m a t e r i a l .
As t h e s e  m a t e r i a l s  appea r  t o  a b s o r b  ( r a t h e r  t h a n  a d s o rb )  c o u n t e r i o n s ,  t h e s e
curves  c a n n o t  be i n t e r p r e t e d  as  a d s o r p t i o n  i s o t h e r m s .
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F i g u r e  6 . 2 4  c o n t a i n s  d a t a  f rom t h r e e  i d e n t i c a l  e x p e r im e n t s  t o  a s s e s s  t h e
i
r e p r o d u c i b i l i t y  o f  t h e  t e c h n i q u e ,  t h e  e r r o r  b a r s  r e p r e s e n t i n g  one s t a n d a r d  
d e v i a t i o n .  I t  can be s een  t h a t  i n s p i t e  o f  t h e  e x t r e m e l y  low l e v e l s  o f  sodium 
ion  p r e s e n t  t h e  XPS d a t a  i s  q u i t e  r e p r o d u c i b l e .
ABSORPTION OF IONS BY 15- 3 h r  immersion
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F i g .  6 .25  Na u p ta k e  by " 1 5 - "  from h i g h e r  e l e c t r o l y t e  c o n c e n t r a t i o n s
In  F ig .  6 . 2 5  t h e  cu rve  fo r  ” 1 5 - ” i s  ex tended  ou t  to  t h r e e  t im e s  p h y s i o l o g i c a l
c o n c e n t r a t i o n .  The u p ta k e  o f  sodium conforms with  eqn .  ( 6 . 9 ) ,  i n  t h a t  Cq c q
( i e ,  [Na] « [Na] , . ) .s u r f a c e  s o lu t io n
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ABSORPTION OF IONS BY 40+ 3hr immersion
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F ig .  6 .26 Cl up take  by "40+” from h ig h e r  e l e c t r o l y t e  c o n c e n t ra t io n s
Such b e h a v i o u r  i s  t o  be c o n t r a s t e d  w i th  t h a t  o f  ” 40+” ( F i g .  6 . 2 6 ,  ” 60+” b e i n g  
s o l u b l e )  and c h l o r i d e  i o n s ,  which a p p e a r s  t o  r e a c h  a s a t u r a t i o n  l e v e l  w i t h  
r e s p e c t  t o  e l e c t r o l y t e  c o n c e n t r a t i o n .
The up take  o f  a d i v a l e n t  c o u n t e r i o n  by ” 15-” a l s o  r e a c h e s  a maximum l e v e l  
w i th  r e s p e c t  to  c o n c e n t r a t i o n  in  s o l u t i o n .
F i g .  6 . 2 7  shows th e  d a t a  f o r  a tom ic  % ca l c ium  ion in  t h e  s u r f a c e  o f  ” 15-"  
ad s o rb ed  from CaCl^ s o l u t i o n  ([CaCl^]=1 be ing  a s o l u t i o n  0.15M w i th  r e s p e c t  
t o  c a l c iu m  ion ,  a d j u s t e d  to  pH7.4 w i th  h y d r o c h l o r i c  a c i d ) .
The i m p l i c a t i o n s  o f  t h e s e  o b s e r v a t i o n s  w i l l  be d i s c u s s e d  in t h e  n e x t  s e c t i o n .
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ABSORPTION OF COUNTERION 
15-  2hr  Immersion
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24-F ig .  6 .27  Ca uptake by "15-"  from s o lu t io n
C6.43 COMMENTS
I t  has  been shown t h a t  i o n  u p ta k e  from s o l u t i o n  by t h e s e  m a t e r i a l s  i s  
b a s i c a l l y  a s t r a i g h t f o r w a r d  a b s o r p t i o n  p r o c e s s ,  w i th  t h e  f o l l o w i n g  
q u a l i f i c a t i o n s :
i )  H+ ion  exchange  be ing  t h e  fu n d am e n ta l  p r o c e s s  i n  t h e  f o r m a t i o n  o f  
charged  g roups  in  t h e  po lym er ,  t h e  s o l u t i o n  pH i s  a d e t e r m i n i n g  f a c t o r  
r e g a r d i n g  t h e  r a t e  and e x t e n t  o f  ion  u p t a k e .
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i i )  The z e t a - p o t e n t i a l  measurements1 show t h a t  t h e s e  po lymers  w i l l  form
{
s u r f a c e  cha rge s  r a p i d l y  in  pure w a te r ,  in  t h e  absence  o f  c o u n t e r - i o n s .
i i i )  The achievement o f  a s a t u r a t i o n  l e v e l ,  w i th  r e s p e c t  to  e l e c t r o l y t e  
c o n c e n t r a t i o n ,  o f  C l ” u p ta k e  by "40+” i s  i n d i c a t i v e  o f  a lower t e n d en cy  
f o r  DMAEMA groups  t o  form a p o s i t i v e  charge  than  f o r  AA groups  t o  form a 
n e g a t i v e  ch a rg e .
2+i v )  The u p ta k e  o f  Ca by "15-"  a l s o  r e a c h e s  a s a t u r a t i o n  l e v e l ,
i n d i c a t i n g  t h a t  t h e  fo rm a t io n  o f  ion b r id g e s  between AA groups  by t h e
d i v a l e n t  ion  i s  r e s p o n s i b l e  f o r  t h e  i n h i b i t i o n  o f  t h e  p e n e t r a t i o n  o f
e l e c t r o l y t e  f u r t h e r  i n t o  t h e  polymer m a t r i x .  T h e re fo re  t h e  ion  exchange
9 +beh a v io u r  o f  t h i s  polymer in  plasma (which c o n t a i n s  ^ 0 .0 0 2 5  moles /1  Ca 
io n ,  and more in  t h e  v i c i n i t y  o f  c e l l  damage) may w e l l  d i f f e r  from t h e  
b eh av io u r  in s a l i n e  mode lled h e r e .
Perhaps  t h e  most s t r i k i n g  e lement  o f  t h e s e  r e s u l t s  i s  t h a t  t h e  polymers
absorb  o n ly  t h e i r  c o u n t e r i o n s  from s o l u t i o n  -  i n d i c a t i v e  o f  v e ry  s p e c i a l  
p r o c e s s e s  t a k i n g  p la c e  a t  t h e  polymer /  s o l u t i o n  i n t e r f a c e .  The f o l l o w i n g  
model o f  t h e  polymer /  p h y s i o l o g i c a l  s a l i n e  i n t e r f a c e  i s  p roposed  as  an 
e x p l a n a t i o n  o f  th e  d a t a  p r e s e n t e d  in  t h i s  c h a p t e r .
a )  At th e  i n s t a n t  o f  c o n t a c t ,  t h e  t e ndency  i s  tow ards  t h e  fo rm a t io n  o f  a
S te rn  l a y e r  o f  c o u n t e r i o n s  a t  t h e  polymer s u r f a c e ,  depending  on t h e  i o n i c
te ndency  of the  polymer pendan t  g ro u p s .  The z e t a  p o t e n t i a l  d a t a  i n d i c a t e s  
t h a t  t h e  a c r y l i c  a c i d - c o n t a i n i n g  polymers  form S t e r n  l a y e r s  r e a d i l y  in  s a l i n e  
( a s  ev inced  by t h e  r e v e r s a l  o f  t h e  z e t a  p o t e n t i a l ) ,  whereas  t h e  DMAEMA -  
c o n t a i n i n g  polymers t end  to have a m ix tu re  o f  ions  a t  t h e  s u r f a c e .  I t  would
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appear  from t h e  z e t a  p o t e n t i a l  d a t a  t h a t  pure pMMA a c q u i r e s  a more p o s i t i v e  
z e t a  p o t e n t i a l  in s a l i n e  and t h i s  e f f e c t  in  t h e  MMA components o f  th e  DMAEMA 
-  c o n t a i n i n g  polymers  may p a r t i a l l y  ca n c e l  ou t  any tendency  towards  a more 
n e g a t i v e  z e t a  p o t e n t i a l  in  s a l i n e  due to  t h e  p o s i t i v e l y  charged DMAEMA 
groups .  The XPS data  i n d i c a t e s  t h a t  in t h e s e  e a r l y  s t a g e s  o f  polymer /  
s a l i n e  c o n t a c t  t h e  i o n s  a r e  n o t  "bound" t o  t h e  s u r f a c e  groups  ( a s  no 
adso rbed  io n  i s  d e t e c t e d  a t  s h o r t  immersion t i m e s , see  F ig .  6 .18 )  bu t  a r e  
m ere ly  i n t e r a c t i n g  with  t h e  e l e c t r i c  f i e l d  a t  t h e  i n t e r f a c e  p o s s i b l y  th rough  
t h e  agency of  a s t r u c t u r e d  w a te r  l a y e r .
b)  V/ater m o i t i e s  (H^0+ , OH , H^O e t c  ) i n t e r a c t  w i th  t h e  polymer m a t r i x ,  
b r e a k i n g  any hydrogeo bonds among polymer g roups ,  p e n e t r a t i n g  and s w e l l i n g  
t h e  m a t r i x .  AA groups lo s e  an H+ io n ,  a c q u i r i n g  a n e g a t i v e  ch a rg e  and 
DMAEMA groups ga in  an H io n ,  becoming p o s i t i v e l y  charged .
c)  C o u n te r - i o n s  (o n ly )  d i f f u s e  i n t o  t h e  now swol len  polymer ,  i n t e r a c t i n g  w i th  
t h e  charged  groups.  The ions  come from the  S te rn  l a y e r  (which,  a lo n g  w i th  
t h e  r e p u l s i v e  e f f e c t s  o f  t h e  polymer charged g roups ,  e f f e c t s  s e l e c t i v i t y ) ,  
weakening i t  and c a u s i n g  a d r i f t  i n  t h e  z e t a  p o t e n t i a l  tow ards  n e u t r a l i t y .  
This  e f f e c t  i s  r e i n f o r c e d  by t h e  a s s o c i a t i o n  o f  th e  c o u n t e r - i o n s  w i th  a 
p r o p o r t i o n  o f  th e  charged  g roups ,  t h e i r  permanent  p r e s e n c e  b e in g  d e t e c t e d  by 
XPS.
d) In t im e ,  an e q u i l i b r i u m  s w e l l i n g  i s  r e a c h e d ,  o r  t h e  polymer d i s s o l v e s .
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[6.53 SUMMARY
!
i )  I t  was n o t  p o s s i b l e  t o  d e t e c t  a s t r u c t u r e d  w a te r  l a y e r  on t h e  s u r f a c e s  o f  
t h e  "15-"  or ”60+n model polymers  u s i n g  XPS. I t  was th o u g h t  t h a t  i f  such a 
l a y e r  e x i s t e d  when t h e  polymer was immersed in w a te r  i t  was n o t  c a p a b le  o f
s u r v i v i n g  th e  d r y i n g  p rocedu re  and vacuum n e c e s s a r y  for  XPS a n a l y s i s .
i i )  The i n t e r a c t i o n s  a t  t h e  i n t e r f a c e  between charged polymers  and 
p h y s i o l o g i c a l  s a l i n e  were i n v e s t i g a t e d  u s i n g  XPS and z e t a  p o t e n t i a l  
measurements .  I t  was r e v e a l e d  t h a t  a dynamic t r a n s i t i o n  to o k  p l a c e  between a 
h i g h l y  s t r u c t u r e d ,  s h a r p  boundry o b t a i n i n g  and a d i f f u s e  i n t e r m i n g l i n g  o f
polymer and s e l e c t e d  e l e c t r o l y t e  components over a p e r io d  o f  h o u r s .
i i i )  XPS was found to  be an e x c e l l e n t  t o o l  f o r  t h e  s t u d y  o f  t h e  polymer /  
s a l i n e  i n t e r f a c e .
In t h e  n e x t  c h a p t e r ,  th e  u t i l i t y  o f  XPS i n  t h e  i n v e s t i g a t i o n  o f  a more 
complex i n t e r f a c e ,  t h a t  between a polymer and a p r o t e i n  s o l u t i o n ,  i s
a s s e s s e d ,  and t h e  n a t u r e  o f  t h e  i n t e r a c t i o n s  between th e  two e l u c i d a t e d .
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[7 .0 ]  ADSORPTION OF PROTEINS TO "15-"  MODEL POLYMER
[ 7 . 1 ]  PROTEIN ADSORPTION -  A REVIEW
Albumin,  y - g l o b u l i n  and f i b r i n o g e n  have been t h e  c e n t r e  o f  s t u d y  r e g a r d i n g  
plasma /  b i o m a t e r i a l  i n t e r a c t i o n s ,  b e i n g  th e  t h r e e  main plasma p r o t e i n s .  
Although th e  c om pos i t ion  o f  t h e  adsorbed  p ro te in ,  l a y e r  i s  th o u g h t  t o  be a 
major f a c t o r  in  d e t e r m in i n g  b lood c o m p a t i b i l i t y ,  t h e  a d s o r p t i o n  o f  p r o t e i n s  
i n  i t s e l f  i s  n o t  t h e  th rombogenic  e v e n t ,  and a c l e a r  mechanism l i n k i n g  t h e s e  
p r o t e i n s  w i th  thrombus  fo rm a t io n  rem ains  e l u s i v e .
These b lood p r o t e i n s ,  a s  might  be ex p ec ted  in  view o f  t h e i r  v a r i e d  p h y s i c a l  
and chem ica l  p r o p e r t i e s  ( see  [ 2 . 1 1 ] ) ,  e x h i b i t  d i f f e r e n c e s  in  t h e i r  a d s o r p t i o n  
c h a r a c t e r i s t i c s ,  which a r e  rev iewed below.
[7 .1 1 ]  ALBUMIN
The a d s o r p t i o n  o f  albumin i s  weak and r e v e r s i b l e  ( 1 - 3 ) ,  g e n e r a l l y  t a k i n g  
p la c e  w i th o u t  change o f  t h e  p r o t e i n  confo rm a t ion  ( 3 - 5 ) .  T h i s  weakness  o f  
i n t e r a c t i o n  makes albumin a poor c o m p e t i t o r  w i th  t h e  o t h e r  plasma p r o t e i n s  in  
a d s o r p t i o n  and i t  can be d i s p l a c e d  from th e  s u r f a c e  by them ( 6 - 1 0 ) .
I t  i s  b e l i e v e d  t h a t  s u r f a c e s  which a r e  a b l e  t o  r e t a i n  a h ig h  p r o p o r t i o n  o f
a l b u m in ’a r e  non- th rombogen ic  as  a r e s u l t  ( 1 , 1 1 ) .  Adsorp t ion  o f  a lbumin i s
lower on low -ene rgy  ( 2 , 7 , 9 , 1 1 , 1 2 )  and hydrophobic  s u r f a c e s  ( 1 , 4 , 6 , 7 , 9 , 1 2 - 1 5 )
2
( s t a b i l i s i n g  a t  below ^  1 pg/cm ) th an  on h y d r o p h i l i c  s u r f a c e s  ( 1 6 ) ,  
h y d r o g e l s  (12)  and c e r t a i n  p o ly  ( e t h e r - u r e t h a n e - u r e a s )  ( 7 , 1 4 ) ,  which a d s o r b  
up to  3 pg/cm o f  albumin (1 1 ) ,  and tend  to  be more t h r o m b o r e s i s t a n t .
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[7 .1 2 ]  y-GLOBULIN '
The IgG molecu le  has  two d i s t i n c t  " e n d s ” ( s e e  F ig .  2 . 1 ) ,  t h e  Fc and Fab
r e g i o n s ,  t h e  former o f  which i s  th o u g h t  t o  be hydrophobic  and t h e  l a t t e r ,
c o n t a i n i n g  t h e  a n t ig e n  b in d i n g  s i t e ,  more h y d r o p h i l i c .  I t  i s  n o t  s u r p r i s i n g ,
t h e r e f o r e ,  t h a t  a wide v a r i e t y  o f  m a t e r i a l s  accumula te  s i m i l a r  q u a n t i t i e s  o f
?
IgG ( 0 . 5 - 1 . 5  jjg/cm ) ( 4 , 6 , 8 , 1 1 , 1 3 , 1 8 ) .  The " c o m p e t i t i v e n e s s ” o f  IgG l i e s  
between t h a t  o f  albumin and f i b r i n o g e n  ( 1 0 ) ,  i t s  e f f e c t  on th ro m b o g e n ic i ty  
b e in g  u n c l e a r  (1,  19 ) .
[7.131 FIBRINOGEN
F ib r in o g e n  i s  c l o t t i n g  f a c t o r  1, and i s  a c t i v a t e d  by th rombin t o  g i v e  f i b r i n ,  
which c r o s s - l i n k s  in c l o t  f o r m a t io n ;  t h e r e f o r e  some e l u c i d a t i o n  o f  i t s  
a d s o r p t i o n  mechanism t o  s u r f a c e s  would seem u s e f u l  in d e s i g n i n g  a 
b lo o d -c o m p a t i b l e  m a t e r i a l .
F ib r in o g e n  a d s o r b s  more s t r o n g l y  and i r r e v e r s i b l y  (3 ,20 )  than  a lbumin  o r  IgG,
u s u a l l y  forming t h e  major component o f  t h e  p r o t e i n  l a y e r  ad s o rb ed  from
oplasma (6 ) .  A dso rp t ion  l e v e l s  t o  hydrophobic  s u r f a c e s  ( 0 . 6 - 2 . 4  jug/cm )
( 1 . 4 . 6 . 8 . 2 0 )  a re  h ig h e r  tha n  th o s e  t o  h y d r o p h i l i c  s u r f a c e s  (below 0 . 4  pg/cm )
( 1 . 1 5 . 1 6 . 2 0 )  and d e n a t u r a t i o n  may occur  ( 3 , 4 , 2 0 - 2 2 ) .
F ib r in o g e n  i s  c o n s id e r e d  to  be a d h e r e n t  t o  p l a t e l e t s  ( 1 ,1 1 )  s o  t h a t  s u r f a c e s  
w i th  a h igh  a f f i n i t y  for  f i b r i n o g e n  a r e  more th rombogenic in  t e n d e n c y  ( 8 , 2 3 ) .
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[ 7 . 2 ]  INVESTIGATION OF PROTEIN ADSORPTION TO MODEL ACRYLIC POLYMERS
The e f f e c t s  o f  s u r f a c e  c h a rg e ,  h y d r o p h i l i c  /  hydrophobic  b a l a n c e  and
c o u n t e r - i o n s  on t h e  n a t u r e  o f  t h e  p r o t e i n  l a y e r  ad sc rbed  from s o l u t i o n  has  
been i n v e s t i g a t e d  by t h e  L i v e rp o o l  b i o m a t e r i a l s  g roup.  T h e i r  range  o f  
a c r y l i c  copolymers  has  been used  in a s e r i e s  o f  expe r im en t s  d e s ig n ed  to  
probe  t h e  com bina t ion  o f  b in d i n g  mechanisms o p e r a t i n g  bo th  w i t h i n  an adso rbed  
p r o t e i n  l a y e r  and a t  t h e  polymer /  p r o t e i n  i n t e r f a c e .  The model o f  t h e  
adso rbed  p r o t e i n  l a y e r  proposed  by the  group and t h e  ex p e r im en t s  des igned  to  
a s s e s s  i t  u s i n g  r a d i o l a b e l l e d  p r o t e i n s  a r e  d e s c r i b e d  below.
[ 7 .2 1 ]  THE LIVERPOOL MODEL
As shown in  F i g .  7 . 1 ,  i t  was assumed t h a t  t h e  b u i l d - u p  o f  a p r o t e i n
m u l t i l a y e r  on t h e  s u r f a c e  o f  a b i o m a t e r i a l  in-volves a com bina tion  o f  b in d i n g  
mechanisms. I n t e r a c t i o n s  between p r o t e i n  m olecu le s  in t h e  adso rbed  l a y e r  
were though t  l i k e l y  t o  be s i m i l a r  t o  those  between m o lecu le s  in  s o l u t i o n ,
namely those  due t o  hydrogen bonding and i o n i c  b r i d g i n g  ( 2 4 ) .  At t h e
i n t e r f a c e  w i th  t h e  s o l u t i o n  a dynamic e q u i l i b r i u m  o f  bound and d i s s o l v e d  
p r o t e i n  was assumed, t h e  b in d i n g  mechanism be ing  r e f e r r e d  to  a s  " l o o s e ” . At 
t h e  i n t e r f a c e  w i th  t h e  (hydrophobic )  b i o m a t e r i a l  s u r f a c e ,  hydrophobic-  
i n t e r a c t i o n s  were assumed t o  dom ina te ,  a s  e x p la in e d  in  c h a p t e r  2 .
A s e r i e s  o f  e l u e n t s  was s e l e c t e d  to  a t t a c k  each o f  t h e s e  bonding mechanisms
in  t u r n ,  in  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  polymer com pos i t ion  on t h e
n a t u r e  o f  th e  adsorbed  p r o t e i n  l a y e r .  Polymer samples were immersed in
s o l u t i o n s  o f  1311 o r  125i  -  l a b e l l e d  p r o t e i n s  f o r  30 seconds  ( t o  s tu d y
dynamic a d s o r p t i o n )  o r  3 hours  ( t o  s tudy  t h e  s i t u a t i o n  a t  e q u i l i b r i u m ) ,  and
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F ig .  7 .1  L iv e rp o o l model o f  an adsorbed p r o t e i n  l a y e r .
: hydrogen bonding; ± : i o n ic  b r id g in g ;
$ : hydrophobic  i n t e r a c t i o n s
then  s u b j e c t e d  to  a ' s e r i e s  o f  30 minute  washes i n  t h e  e l u e n t  s o l u t i o n s .
I s o t o n i c  s a l i n e  was used  to  remove t h e  l o o s e l y  bound p r o t e i n ,  i s o t o n i c  EDTA
f o r  t h e  i o n i c a l l y  bound f r a c t i o n ,  6M u rea  t o  remove t h e  "hydrogen bonded”
p r o t e i n  and b o i l i n g  1% sodium d odecy l  s u l p h a t e  (SDS) f o r  t h e  r e m a i n i n g ,
" h y d r o p h o b i c a l l y  bound" m a t e r i a l .  At each  s t a g e  t h e  e l u e n t  was t r a n s f e r r e d
©
to  a -y -co u n te r  t o  e v a l u a t e  t h e  amount o f  p r o t e i n  removed.  Th i s  f i g u r e  was
2t h e n  c o n v e r t e d  t o  pg p r o t e i n  p e r  cm polymer s u r f a c e  by com par i son  w i t h  
s t a n d a r d  s o l u t i o n s  o f  p r o t e i n  made up from th e  same s to c k .
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[ 7 . 2 2 ]  RESULTS OBTAINED BY. TOE LIVERPOOL GROUP (25)
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- F i g .  7 . 2  Albumin a d s o r p t i o n  mechanism as a f u n c t i o n  o f  
po lymer  c o m p o s i t io n .  From r e f .  25.
The r e s u l t s  o b t a i n e d  f o r  albumin  f o r  t h e  two immersion t i m e s  a r e  shown i n  
F i g .  7 . 2 .  F o r  t h e  n e g a t i v e l y  charged  s u r f a c e s  a lbumin  q u i c k l y  r e a c h e s  an
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F i g .  7.
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3 IgG a d s o r p t i o n  mechanism as a f u n c t i o n  -of 
po lymer  c o m p o s i t i o n .  From r e f .  25.
e q u i l i b r i u m  c o v e r a g e ,  b e i n g  m a in ly  h e l d  by hydrophobic  i n t e r a c t i o n s .  Fo r  t h e  
p o s i t i v e l y  charged s u r f a c e s ,  a d s o r p t i o n  c o n t i n u e s  w i t h  t im e  and a m i x tu r e  o f  
b in d i n g  mechanisms i s  e v i d e n t .
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F i g .  7 .4  F i b r i n o g e n  a d s o r p t i o n  mechanism as a f u n c t i o n  o f  
po lymer  c o m p o s i t i o n .  From r e f .  25.
IgG ( F i g .  7 . 3 )  shows a predominance  o f  hydrophobic  i n t e r a c t i o n s  on t h e  
n e g a t i v e l y  charged s u r f a c e s ,  a b e h a v io u r  which i s  a c c e n t u a t e d  by f i b r i n o g e n  
( F i g .  7 . 4 ) .  In an expe r im en t  s i m u l a t i n g  a d s o r p t i o n  from plasma ( F i g .  7 . 5 )  i t  
can be seen  t h a t  f i b r i n o g e n  i s  t h e  major component o f  t h e  p r o t e i n  l a y e r ,  w i th  
IgG and a lbumin f o l l o w i n g  in  t h a t  o r d e r ,  in  keep ing  w i th  th e  f i n d i n g s  o f  
o t h e r  w o r k e r s .  These r e s u l t s  a r e  d i s c u s s e d  more f u l l y  in Ref. 26.
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as a  f u n c t i o n  o f  po lym er  c o m p o s i t i o n .
From r e f .  25.
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[7 .3 3  THE USE OF XPS TO STUDY PROTEIN ADSORPTION
The s t u d i e s  o u t l i n e d  above have p rov ided  v a l u a b le  i n f o r m a t io n  about  th e  
bonding mechanisms between p r o t e i n s  and polymer s u r f a c e s .  They may be u s e f u l  
in d e s i g n i n g  a b i o m a t e r i a l  which i n t e r a c t s  w i th  p r o t e i n s  in  an op t im a l  
f a s h i o n ,  shou ld  t h e  i n t e r a c t i o n s  most f a v o u r a b l e  t o  b i o c o m p a t i b i l i t y  be 
i d e n t i f i e d .
XPS might  be a b l e  t o  enhance t h e s e  s t u d i e s  by c l a r i f y i n g  t h e  e f f e c t s  o f  
r a d i o l a b e l l i n g  on p r o t e i n  a d s o r p t i o n  and perhaps  p r o v i d i n g  some d e t a i l s  o f  
t h e  p r o t e i n  l a y e r  s t r u c t u r e .  As p r o t e i n  e s t i m a t i o n  by XPS i s  most r e a d i l y  
ach ieved  by m o n i to r in g  t h e  n i t r o g e n  in  t h e  m o lecu le ,  i t  i s  n e c e s s a r y  to  
s e l e c t  e l u e n t s  and t e s t  m a t e r i a l s  which a r e  devo id  o f  t h i s  e l em en t .
[7 .313  ELIMINATION OF NITROGEN
To v a l i d a t e  t h e  n e c e s s a r y  changes in  t h e  e x p e r im e n ta l  p ro c e d u re ,  an
IOCexper im en t  was performed employing A^ 3I - l a b e l l e d  f i b r i n o g e n  adso rbed  o n to  
samples o f  t h e  ’MS-” polymer.  A comparison was made between t h e  " e l u t i o n  
p r o f i l e s ” compiled by c o u n t in g  th e  Y - r a d i a t i o n  from th e  e l u e n t s  a s  b e f o r e  and 
by measur ing  th e  a p p a r e n t  a tomic  % N u s in g  XPS.
I t  was n e c e s s a r y  to  use a pMMA/AA copolymer,  a s  pMMA/DMAEMA copolymers  
c o n t a i n  n i t r o g e n , so t h a t  a polymer w i th  a p o s i t i v e  s u r f a c e  c h a r g e  cou ld  n o t  
be s t u d i e d  * With r e f e r e n c e  t o  t h e  d a t a  p r e s e n t e d  in s e c t i o n  [ 7 . 2 2 ] ,  t h e  
” 15-" polymer o n ly  was s e l e c t e d  fo r  s t u d y ,  b e in g  t y p i c a l  o f  t h e  r a n g e  o f  
polymers  w i th  n e u t r a l  o r  n e g a t i v e  s u r f a c e  c h a r g e ,  b u t  w i th  a predominance  o f  
hydrophobic  i n t e r a c t i o n s  a t  t h e  p r o t e i n  i n t e r f a c e .  In a d d i t i o n ,  t h e  s w e l l i n g
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o f  t h i s  polymer in  PBS i s  t o l e r a b l e  ( s e e  Tab le 4 . 1 )  and t h e  m a t e r i a l  was a l s o  
chosen as  t h e  n e g a t i v e  polymer fo r  t h e  b u lk  of  th e  ion  a b s o r p t i o n  s tu d y  
p r e s e n t e d  in c h a p t e r  6 .
Two e l u e n t s  were a l s o  changed f o r  t h e  v a l i d a t i o n  s t u d y ,  a s  some c r y s t a l s  o f  
e l u e n t  were found to  form on t h e  sample s u r f a c e  on d r y i n g  ( s e e  P l a t e  7 . 1 a ) .  
0.15M c i t r i c  a c i d  was used  i n s t e a d  o f  EDTA t o  d i s r u p t  ion  b r id g e s  and an 
equimola r  methanol  /  w a te r  m ix tu re  i n s t e a d  o f  6M u rea  t o  remove t h e  hydrogen 
bonded f r a c t i o n .
The e x p e r im e n ta l  p r o t o c o l  was as  f o l l o w s :
i )  F i lms o f  t h e  " 1 5 - M p(MMA/AA) copolymer were c a s t  from s o l u t i o n  in  
d i s t i l l e d  dioxan on to  s i l a n i s e d  g i a s s  p l a t e s  and d r i e d  o v e r n i g h t  a t  60°C 
i n  a vacuum oven.
i i )  Samples 4mm x 15mm were c u t  from the  f i l m  and s t o r e d  impaled on p i n s  
to  avo id  c o n ta m in a t io n  o f  t h e  s u r f a c e s .
i i i )  A s o l u t i o n  o f  t h e  r a d i o l a b e l l e d  p r o t e i n  was made up in  i s o t o n i c  
s a l i n e  and c a l i b r a t i o n  s t a n d a r d s  o f  known c o n c e n t r a t i o n  p roduced  so t h a t  
an a c c u r a t e  e s t i m a t e  o f  the  p r o t e i n  c o n t e n t  o f  a s o l u t i o n  co u ld  be made 
from a measurement o f  i t s  r a d i o a c t i v i t y .  The l a b e l l e d  p r o t e i n s  were 
o b ta in e d  from Amersham L a b o r a t o r i e s  and used  w i th o u t  f u r t h e r  
p u r i f i c a t i o n .
C o n d i t i o n  o f  ” 1 5 - "  s u r f a c e  a f t e r  w a s h e s  
i n  v a r i o u s  e l u e n t s ,  ( a )  6 M  u r e a ,  ( b )  0 . 1 5 M  
c i t r i c  a c i d ,  ( c )  e x  i m m e r s i o n  i n  s i m u l a t e d  
s e r u m ,  ( d )  5 0 %  m e t h a n o l  s o l u t i o n .
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i v )  The samples were immersed in 2ml o f  th e  p r o t e i n  s o l u t i o n  f o r
30 seconds .
v) The samples were th e n  t r a n s f e r r e d  to  2ml o f  i s o t o n i c  s a l i n e .  A f t e r  
30 minu tes  t h e  e l u e n t  was c o l l e c t e d  and t r a n s f e r r e d  to  a l a b e l l e d ,
s to p p e r e d  b o t t l e  f o r  a n a l y s i s  i n  t h e  LKB /  Wallac 1280 ’’Ultrogamma1’ 
Y - c o u n t e r .  - Three such washes were per formed.
v i ) One 30 minu te  wash i n  0.15M c i t r i c  a c i d ,  one 30 minute  wash in  
equ imolar  methanol  /  w a te r  and two 15 minute washes in  b o i l i n g  1% SDS 
fo l low ed  in  l i k e  f a s h i o n .
v i i )  A f t e r  each  wash,  one sample was removed from t h e  sample b a t c h ,  
washed g e n t l y  in d i s t i l l e d  w a te r  and a i r  d r i e d ,  impaled  on a p i n ,  f o r  
a n a l y s i s  by XPS.
C7.32] RESULTS
The r e s u l t s  from t h e  Y -c o u n te r  were c o r r e c t e d  fo r  background and c o n v e r t e d  t o
2a measure o f  pg/cm p r o t e i n  e l u t e d  from th e  sample.  The y - r a d i a t i o n  from
one sample s t r i p  was a l s o  counted  a f t e r  t h e  com ple t ion  o f  th e  e l u t i o n  s e r i e s ,
and an e l u t i o n  p r o f i l e  c o n s t r u c t e d  by adding  th e  f i g u r e  o b t a i n e d  from t h e  
p r e v io u s  e l u e n t ,  working backwards t o  mass b a l a n c e  c l o s u r e .
The samples taken  f o r  XPS a n a l y s i s  were examined in a d ry  c o n d i t i o n  a t  
-9^5x10 Torr  u s in g  MgKa r a d i a t i o n ,  and t h e  C1s, N1s, 01s and S i2p  peak  
i n t e n s i t i e s  measured ( t h e  s i l i c o n  2p peak a r i s i n g  from c o n t a m i n a t i o n ,  
p ro b a b ly  from s i l a n i s e d  g l a s s w a r e ) .  The p r o t e i n  l e v e l  was e x p re s s e d  in  t e r m s
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o f  t h e  a p p a r e n t  a tom ic  % n i t r o g e n  i n  the '  s u r f a c e .
The e l u t i o n  p r o f i l e s  from t h e  Y -count  d a t a  and t h e  XPS d a t a  a r e  shown in  
F ig .  7 . 6 .  Two p a r a l l e l  e x p e r im en t s  were r u n ,  bo th  w i th  1mg/ml f i b r i n o g e n  i n  
t h e  o r i g i n a l  s o l u t i o n  f o r  s t e p  i v )  o f  th e  p ro c e d u re .  One s o l u t i o n  was made 
up w i th  p u r e ,  n o n - l a b e l l e d  f i b r i n o g e n ,  the  o t h e r  w i th  5% o f  t h e  t o t a l  b e i n g  
r ad io  l a b e l l e d  ( t h e  e l u e n t s  from th e  former  b e in g  d i s c a r d e d ) .  I t  can be s een  
t h a t  t h e r e  i s  an a p p a re n t  d i f f e r e n c e  in  t h e  e l u t i o n  p r o f i l e s  o f  t h e  two 
p r o t e i n  m i x tu r e s  a s  de te rm ined  by XPS; t h i s  phenomenon w i l l  be d i s c u s s e d  in  
s e c t i o n  [ 7 . 6 ] .
However, comparison o f  t h e  e l u t i o n  p r o f i l e s  o b t a i n e d  from Y -count d a t a  and 
XPS does n o t  y i e l d  much useful* in fo rm a t io n  and,  a s  can be seen  i n  P l a t e  7 . 1 b ,  
which shows th e  c o n d i t i o n  o f  t h e  sample a f t e r  t h e  c i t r i c  a c i d  wash,  p rob lem s 
w i th  t h e  c r y s t a l l i s a t i o n  o f  s o l u t e  from t h e  e l u e n t  upon d r y i n g  s t i l l  
p e r s i s t e d .  I t  was t h e r e f o r e  dec ided  to  change t h e  f i n a l  e x p e r i m e n t a l  
p rocedure  s l i g h t l y  to use a l c o h o l  /  w a te r  m i x tu r e s  t o  i n v e s t i g a t e  t h e  
hydrophobic  i n t e r a c t i o n s  and hydrogen bonding a t  t h e  polymer /  p r o t e i n  
i n t e r f a c e .
[7.331 EXPERIMENTAL PROTOCOL OF THIS STUDY
The p r o to c o l  o u t l i n e d  in s e c t i o n  [ 7 .3 1 ]  was ammended as f o l l o w s :
a )  Each wash was o f  20 minu tes  d u r a t i o n
b) Four i s o t o n i c  s a l i n e  washes were performed
c) A f t e r  t h e  s a l i n e  washes ,  t h e  sample b a t c h  was s p l i t  i n t o  two,  one 
h a l f  b e in g  washed w i th  methanol  s o l u t i o n s  o f  i n c r e a s i n g  s t r e n g t h  (10 ,  
30,  50 and 70 mole p e r c e n t ) ,  t h e  o t h e r  h a l f  w i th  i s o p r o p a n o l  (IPA)
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s o l u t i o n s .  These washes r e p l a c e d  t h e  c i t r i c  a c i d ,  equ im o la r  m e thano l  /  
w a te r  and SDS washes  used  p r e v i o u s l y .
The i n t e n t i o n  was t o  a t t a c k  t h e  hydrogen bonding and hydrophobic  i n t e r a c t i o n s  
in  t h e  p r o t e i n  l a y e r  w i th  p r o g r e s s i v e l y  i n c r e a s i n g  v i g o u r ,  an approach  which 
took  advan tage  o f  t h e  r e s u l t s  reviewed in s e c t i o n  [ 7 . 2 2 ] ,  namely t h a t  
hydrophobic  i n t e r a c t i o n s  dominate a t  t h e  p r o t e i n  /  polymer i n t e r f a c e  w i th  t h e  
” 15- "  polymer.
As can be seen  from P l a t e  7 . 1 c ,  which  shows th e  sample s u r f a c e  w i th  p r o t e i n
adsorbed  from s im u l a t e d  serum a f t e r  t h e  immersion in  p r o t e i n  s o l u t i o n ,  and
P l a t e  7 . 1 d ,  which i s  from th e  same exper imen t a f t e r  t h e  50% methanol  s o l u t i o n  
wash,  t h e  s u r f a c e  c o n t a m in a t io n  prob lem has  been e l i m i n a t e d  by t h i s  c h o i c e  o f  
e l u e n t s .
[ 7 .4 ]  ELUTION PROFILES
[7 .4 1 ]  ADSORPTION OF IgG
Three ex p e r im e n t s  were per fomed,  w i t h  u n l a b e l l e d  IgG; w i th  a m i x t u r e ,  38% 
being  1251 - l a b e l l e d  and 62% u n l a b e l l e d ;  and wi th  100% 125I - l a b e l l e d  
m a t e r i a l .  In  each  ca s e  t h e  t o t a l  p r o t e i n  c o n c e n t r a t i o n  was 1.47  mg/ml.
F i g .  7 .7 a  shows the  e l u t i o n  p r o f i l e  o f  the  100% l a b e l l e d  p r o t e i n  e v a l u a t e d  by 
m easur ing  t h e  r a d i o a c t i v i t y  o f  t h e  e l u e n t ,  w i th  t h e  e l u t i o n  p r o f i l e
de te rm ined  by XPS a n a l y s i s  o f  t h e  n i t r o g e n  i n  t h e  sample s u r f a c e s  i n
F ig .  7 . 7 b .  Broadly  speak ing  t h e  two curves  c o r r e l a t e  w e l l .  I t  can  be  s e e n  , 
however,  t h a t  t h e  XPS da ta  i s  more s c a t t e r e d ,  a s  each p o i n t  on t h e  c u r v e  i s
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F i g .  7 .7  E l u t i o n  p r o f i l e s  f o r  100% I - l a b e l l e d  IgG a d s o r b e d  t o  
" I S - ” po lymer ,  (a)  From y - c o u n t  d a t a ,  (b)  f rom XPS 
d a t a .
from a s i n g l e ,  s e p a r a t e  .sample,  w hereas  t h e  c u rv e  d e r i v e d  from t h e  e l u e n t  
y - c o u n t  d a t a  r e p r e s e n t s  an a v e ra g e  from a l l  the  samples  s t i l l  in  t h e  
e x p e r im e n t  a t  e a c h  s t a g e .
In  F i g . 7 . 8a and F i g .  7 . 8 b  the  e l u t i i o n  p r o f i l e s  f o r  t h e  IgG m i x tu r e  (38% 
l a b e l l e d ,  62% u n l a b e l l e d )  f o r  t h e  two t e c h n i q u e s  a r e  shown. The e l u t i o n  
p r o f i l e  d e t e rm in e d  by XPS f o r  t h e  t o t a l l y  u n l a b e l l e d  p r o t e i n  i s  p r e s e n t e d  in  
F i g .  7 . 9 .
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F i g .  7 . 8  E l u t i o n  p r o f i l e s  f o r  38% I - l a b e l l e d  IgG a dso rbed  to  " 1 5 - "  polymer,  
(a)  y - c o u n t  d a t a ,  (b) XPS d a t a .
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F ig .  7 .9  E l u t i o n  p r o f i l e  o f  u n l a b e l l e d  IgG adsorbed  to  M1 5 -M po lym er .  
XPS d a t a .
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[ 7 .4 2 ]  DISCUSSION
I t  i s  i m p o r t a n t  t o  r e a l i s e  t h a t  whereas  c o u n t in g  th e  r a d i o l a b e l l e d  p r o t e i n  
measures  t h e  mass o f  p r o t e i n  e l u t e d  from th e  s u r f a c e ,  XPS g ive s  a f i g u r e  
r e l a t e d  t o  t h e  a r e a  o f  t h e  polymer s u r f a c e  covered .
2
Taking a t y p i c a l  f i g u r e  o f  Ipg/cm  f o r  p r o t e i n  adsorbed  o n to  t h e  " 1 5 - ” 
polymer ,  even i f  t h e  p r o t e i n  i s  p r e s e n t  a s  a un i fo rm  l a y e r  c o v e r i n g  t h e  whole 
o f  the  s u r f a c e ,  i t s  t h i c k n e s s  would be M00& ( t a k i n g  th e  d e n s i t y  o f  
d eh y d ra ted  p r o t e i n  a s  1 ) .  In XPS te rm s ,  t h e n ,  t h e  s u b s t r a t e  should  be 
u n d e t e c t a b l e  (X va lues  o f  t h e  r e l e v e n t  p h o t o e l e c t r o n s  b e in g  ^ 3 0 ^ ) ,  and f o r  
t o t a l  c o v e ra g e  o f  the  polymer by p r o t e i n ,  t h e  n i t r o g e n  d e t e c t e d  should  amount 
t o  ^15% ( s e e  Table 7 . 1 ,  c a l c u l a t e d  and e x p e r i m e n t a l  a tomic  c o m p o s i t io n s  o f  
t h e  p r o t e i n s ) .  T h e r e f o re  t h e  s u r f a c e  b e in g  examined i s  ” pa tchy"  w i th  r e s p e c t  
t o  c o v e ra g e  by p r o t e i n ,  a s  t h e  a r e a s  o f .  b a r e  polymer a r e  d i l u t i n g  t h e  
n i t r o g e n  s i g n a l  averaged  over t h e  whole s u r f a c e  t o  ^5 55 ( i e .  a f r a c t i o n a l  
s u r f a c e  coverage  o f  about. 0 . 3 5 ) .  I t  i s  n o t  c l e a r ,  however,  w he the r  t h i s  
p a t c h i n e s s  a r i s e s  a s  a f e a t u r e  o f  t h e  n a t u r e  o f  p r o t e i n  a d s o r p t i o n  o r  a s  an 
a r t i f a c t  in t r o d u c e d  by s h r in k a g e  o f  th e  p r o t e i n  l a y e r  on d r y in g .
T h e r e f o re  i t  i s  l i k e l y  t h a t  s u b se q u e n t  t o  t h e  f i r s t  s a l i n e  wash,  which w i l l  
r i n s e  o f f  e x ce ss  p r o t e i n  s o l u t i o n ,  t h e  sm a l l  amounts o f  p r o t e i n  e l u t e d  by th e  
s a l i n e  and methanol  /  w a te r  washes r e p r e s e n t  th e  removal  o f  t h e  topmost  
m o lecu le s  from t h e  p r o t e i n  m u l t i l a y e r  r a t h e r  th a n  t h e  b r e a k i n g  o f  t h e  p r o t e i n  
-  polymer bonding ,  a s  t h e  s u r f a c e  coverage  o f  p r o t e i n  e v a l u a t e d  by XPS does  
n o t  ap p ea r  t o  d e c r e a s e .
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TABLE 7 .1  ATOMIC COMPOSITIONS OF TEE PLASMA PROTEINS (in  C, N and 0)
a ton ic  Z
C N 0
Albumin 64.3 15.3 20.4
T -g lobu lin dry 63.7 15.0 21.3
+ bound ^ 0 61.7 14.6 23.7
+ sugars 61.4 14.1 24.5
Fibrinogen dry 62.4 16.5 2 1 .0
♦ bound H2O 60.4 16.0 23.6
+ sugars 59.6 14.7 25.7
ca lcu la ted from data in  r e f .  28
Serum albumin (horse) dry 63.7 16.4 19.9
Fibrinogen (horse) dry 63 .0 17.3 19.6
adapted from experim entally  derived data in  r e f .  29
On t h e  o t h e r  hand,  IPA /  w a te r  i s  o b v i o u s l y  v e r y  c a p a b l e  o f  removing p r o t e i n
from t h i s  s u r f a c e .  The XPS r e s u l t s  show t h a t  t h e  polymer  /  p r o t e i n  i n t e r f a c e
i s  a t t a c k e d  by t h i s  e l u e n t ,  a s  t h e  n i t r o g e n  s i g n a l  f a l l s  t o  z e ro  ( t h e
s e n s i t i v i t y  o f  XPS (/v0.1%) g i v i n g  a d e t e c t i o n  l i m i t  f o r  a d s o r b e d  p r o t e i n  o f
2a p p r o x im a te ly  0 .01  jjg/cm ) .  Th i s  p o i n t  w i l l  be d i s c u s s e d  f u r t h e r  i n  t h e  n e x t  
s e c t i o n .
Another  f e a t u r e  o f  t h e s e  r e s u l t s  i s  t h e  a p p a r e n t  d i f f e r e n c e  i n  t h e  l e v e l s  
o f  adso rbed  p r o t e i n  depend ing  on t h e  c o n t e n t  o f  r a d i o l a b e l l e d  m a t e r i a l .  
A ccord ing  to  t h e  y - c o u n t  a n a l y s i s  o f  th e  r a d i o l a b e l l e d  p r o t e i n  i n  t h e  e l u e n t s  
( F i g s .  7 .7 a  and 7 . 8 a ) ,  t h e  s o l u t i o n  w i th  t h e  h i g h e r  c o n t e n t  o f  r a d i o l a b e l l e d  
p r o t e i n  g iv e s  a g r e a t e r  mass a d s o r b i n g ,  w hereas  t h e  XPS r e s u l t s  i n d i c a t e  t h a t
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r a d i o l a b e l l i n g  low ers  th e  s u r f a c e  coverage  o f  t h e  adsorbed  l a y e r  (F ig s .  7 . 7 b ,  
7 . 8 b  and 7 . 9 ) .  For  t h e  two s e t s  o f  d a t a  t o  be c o n s i s t e n t ,  t h e r e f o r e ,  t h e  
r a d io  l a b e l l e d  p r o t e i n  would have to  be more prone t o  c o a g u l a t i o n  tha n  t h e  
n a t i v e  m a t e r i a l ,  t o  a ch iev e  th e  e f f e c t  o f  more p r o t e i n  c o v e r i n g  l e s s  s u r f a c e  
a r e a .
A more d e t a i l e d  i n v e s t i g a t i o n  o f  th e  e f f e c t s  o f - r a d i o l a b e l l i n g  was conduc ted  
u s i n g  p r e p a r a t i o n s  o f  f i b r i n o g e n ,  and w i l l  be r e p o r t e d  in  s e c t i o n  [ 7 . 6 ] .
[7 .51  BONDING AT THE POLYMER /  PROTEIN INTERFACE
As s t a t e d  above ,  t h e r e  i s  a s t r i k i n g  d i f f e r e n c e  between t h e  me thano l  and IPA 
s o l u t i o n s  in  t h e i r  a b i l i t i e s  t o  a t t a c k  th e  polymer /  p r o t e i n  i n t e r f a c e ,  which 
may p rov ide  an i n s i g h t  i n t o  t h e  a d s o r p t i o n  mechanism. In  t h i s  s e c t i o n  t h e s e  
phenomena w i l l  be d i s c u s s e d  in  t e rm s  o f  t h e  i n t e r f a c i a l  e n e r g i e s  i n v o l v e d ,  
de te rm ined  by s u r f a c e  t e n s i o n  measurements ( s u r f a c e  e n e rg y  b e i n g  e q i v a l e n t  
n u m e r i c a l l y  t o  s u r f a c e  t e n s i o n ,  b u t  w i th  u n i t s  o f  mJ/m'  i n s t e a d  o f  mN/m ) .
F i g .  7 . 1 0  shows the  c r i t i c a l  s u r f a c e  t e n s i o n s  measured on t h e  samples  d e r i v e d  
from th e  s im u l a t e d  serum ex p e r im e n t ,  which were measured on an I n t e r s k i l l  
,,C o n ta c tm a s t e r n u s in g  th e  method o f  p l o t t i n g  t h e  c o s in e  o f  t h e  c o n t a c t  a n g le  
v e r s u s  t h e  s u r f a c e  t e n s i o n  o f  the  l i q u i d  forming the  d ro p  ( t h e  method o f  
Zisman,  o u t l i n e d  in s e c t i o n  [ 2 . 5 2 ] ,  v i ) ) .  A s e r i e s  o f  me thanol  /  w a te r
m i x t u r e s ,  whose s u r f a c e  t e n s i o n s  were measured on a White E l e c .  I n s t .  Co. 
L td .  t o r s i o n  b a l a n c e ,  was used  as  t h e  l i q u i d  p robe .  The me thano l  /  w a te r  
b i n a r y  w i l l  be a b l e  t o  i n t e r a c t  w i th  t h e  s u r f a c e  th rough  p o l a r  ( a s  w e l l  as  
d i s p e r s i v e )  bonds and t h e  Yc v a l u e s  w i l l  r e f l e c t  t h e  " h y d r o p h i l i c i t y "  o f  t h e  
s u r f a c e .  The c r i t i c a l  s u r f a c e  t e n s i o n  o f  t h e  polymer ,  ^29  mN/m, i s
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F i g .  7 .1 0  yc o f  t h e  s u r f a c e  examined by XPS i n  t h e  
s i m u l a t e d  serum ex p e r im e n t  ( s ee  7 .7 1  ) .
u n a f f e c t e d  by t h e  p r e s e n c e  o f  t h e  (d ry )  p r o t e i n  or  t h e  m e th an o l  /  w a te r
e l u e n t s .  The IPA /  w a te r  e l u e n t ,  however,  i s  a b l e  t o  p l a s t i c i s e  t h e  s u r f a c e  
(obse rved  d u r i n g  t h e  e x p e r i m e n t  a s  a w h i t e n in g  o f  t h e  polymer sample)  and 
r a i s e  t h e  y^ v a l u e  o f  t h e  ’’r e m o d e l l e d 11 s u r f a c e  ( a s  measured by u s i n g  
methanol  /  w a te r  m i x t u r e s )  t o  44 mN/m, p resumably  by r e o r i e n t i n g  h y d r o p h i l i c  
groups  o u tw a rd s  from th e  b u l k  ( s e e  s e c t i o n  [ 5 . 5 ] ) .
F i g .  7 .1 1  shows th e  s u r f a c e  t e n s i o n  o f  t h e  me thanol  /  w a te r  and IPA /  w a te r  
b i n a r i e s  as  a f u n c t i o n  o f  c o m p o s i t i o n ,  d e t e rm in e d  on t h e  t o r s i o n  b a l a n c e  a s  
b e f o r e .  I t  can be seen  t h a t  even 70% methanol  /  w a te r  i s  u n a b l e  t o  ”w e t” t h e
polymer s u r f a c e ,  hav ing  a s u r f a c e  t e n s i o n  somewhat h i g h e r  t h a n  29 mN/m ( i e .
t h e  work of  c o h e s io n  o f  t h e  l i q u i d  i s  g r e a t e r  th a n  t h e  work o f  a d h e s io n  t o
t h e  p o l y n e r  s u r f a c e ) .  However, t h e  IPA /  w a te r  sy s tem ,  even i n  low s t r e n g t h ,
200
8 0 i
60-
50-
A0-
MeOH
IPA
o  2 0 -
10 -
30 AO 50 60 70 80 90 10010
molar %  alcohol in w a t e r
F i g .  7 .11  S u r f a c e  t e n s i o n  d a t a  f o r  th e  m e th a n o l / w a t e r  
and IP A /w a te r  b i n a r y  s o l u t i o n s .
i s  a b l e  t o  wet t h e  po lymer .
Another  a s p e c t  o f  t h e  a c t i o n  o f  IPA i s  seen  by c o n s i d e r i n g  t h e  f r e e  en e rg y  
change  on d e s o r p t i o n  o f  t h e  p r o t e i n .  T h i s  w i l l  a r i s e  from t h e  r e p l a c e m e n t  o f  
t h e  p r o t e i n  -  s u r f a c e  i n t e r f a c e  by a p r o t e i n  -  l i q u i d  i n t e r f a c e  and a l i q u i d  
-  s u r f a c e  i n t e r f a c e ,  a s  shown in F ig .  7 . 1 2 .
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F i g .  7 .12  Model o f  t h e  changes  i n  t h e  i n t e r f a c e s  p r e s e n t  
as  a p r o t e i n  l a y e r  d e s o r b s .
In t h e  c a s e  o f  ad so rbed  p r o t e i n ,  t h e  i n t e r f a c i a l  ene rgy  a t  t h e  - p r o t e i n  -  
s u r f a c e  i n t e r f a c e  YpS i s  g iven  i n  t e rm s  o f  t h e  s u r f a c e  e n e r g i e s  o f  t h e
p r o t e i n  yp and s u r f a c e  y g , by (27)
Y = Y +Y - 2 / y  y ( 7 . 1 )ps p s p s
L ikew ise  f o r  t h e  p r o t e i n  -  l i q u i d  i n t e r f a c e
YPr  VYr 2/vT (7-2)
where y^ = s u r f a c e  e n e rg y  o f  th e  l i q u i d .  A f t e r  d e s o r p t i o n  t h e  t o t a l  o f  t h e
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i n t e r f a c i a l  e n e r g i e s  i s
% 1 +Ys i = 2V 2V 4Y^ +V V 2 / V i  ( 7 - 3)
The change  in  f r e e  e n e rg y ,  Z\F, i s  t h e n  o b t a in e d  by s u b t r a c t i n g  eqns .  ( 7 . 1 )  
and ( 7 . 2 )  from ( 7 . 3 ) :
AF= 2y +2*/y y - 2 / y  Y - 2 / y  y (7 .*0I  s p  p l  s l
For  spon taneous  d e s o r p t i o n ,  A F  < 0 .  For  AF = 0 ( i e .  a t  t h e  i n f l e c t i o n
between t h e  adso rbed  and desorbed  s t a t e s  be ing  s t a b l e )  i t  can be r e a d i l y  seen
t h a t  s o l u t i o n s  a r e  g iven by
VYi and VY1
The former s o l u t i o n  s t a t e s  t h a t  t h e  l i q u i d  and p r o t e i n  wet t h e  s u r f a c e  
e q u a l l y ,  i e .  t h a t  t h e  p r o t e i n  and s o l v e n t  become homogeneous i n  s u r f a c e  
energy  te rm s .  The l a t t e r  s o l u t i o n  s t a t e s  t h a t  t h e  polymer /  s o l v e n t  
i n t e r f a c e  d i s a p p e a r s ,  a long  th e  l i n e s  o f  t h e  popu la r  t h e o r y  o f  hydroge l  
b i o c o m p a t i b i l i t y .  B e a r i n g . i n  mind t h e  d a t a  p r e s e n t e d  in  F i g s .  7 . 1 0  and 7 . 1 1 f 
i t  seems l i k e l y  t h a t  i n  t h i s  c a s e  t h e  l a t t e r  s o l u t i o n  i s  b e in g  f u l f i l l e d .
[ 7 . 6 ]  EFFECTS OF RADIOLABELLING
R e tu rn in g  ag a in  t o  s e c t i o n  [7 .  *12], i t  was observed  t h a t  t h e  l e v e l  o f  p r o t e i n  
adso rbed  was a f u n c t i o n  o f  th e  c o n t e n t  o f  r a d i o l a b e l l e d  p r o t e i n .  I t  was n o t  
c l e a r  from t h e s e  s t u d i e s ,  however,  w he the r  t h e  e f f e c t  o f  r a d i o l a b e l l i n g  was 
due t o  t h e  p r e s e n c e  o f  the  i o d i n e  atom or th e  r a d i o a c t i v i t y  i t  c o n f e r r e d  upon
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th e  p r o t e i n .  '
A f u r t h e r  ex p e r im en t  was t h e r e f o r e  performed to  e v a l u a t e  t h e  e f f e c t s  o f  
r a d io  l a b e l l i n g  on p r o t e i n  a d s o r p t i o n  as  de te rm ined  by XPS. Samples o f  
f i b r i n o g e n  (which a d s o rb s  s t r o n g l y  and e s s e n t i a l l y  i r r e v e r s i b l y  (2 5 ) )  were 
d i s s o l v e d  in  i s o t o n i c  s a l i n e  t o  a c o n c e n t r a t i o n  o f  1 mg/ml, and f i v e  samples  
o f  th e  ’MS-” MMA/AA copolymer per  f i b r i n o g e n  ty p e  were immersed in  t h e  
s o l u t i o n  f o r  30 s e c o n d s .  The samples were then  given  two tw en ty  m inu te  
washes i n  i s o t o n i c  s a l i n e  t o  remove exce ss  f i b r i n o g e n  n o t  t r u l y  ad s o rb e d ,  
washed g e n t l y  in d i s t i l l e d  w a te r  and d r i e d  as b e f o r e  f o r  a n a l y s i s  by XPS.
Six s e t s  o f  samples were p r e p a r e d :
i )  "Hot” I o d i n a t e d  F ib r inogen  (HF): t h e  pure i o d i n a t e d  m a t e r i a l  as  
r e c e iv e d  from Amersham Rad iochemica l  C en t re .  Th i s  p r e p a r a t i o n  i s  
r a d i o a c t i v e  and i s  s t a b i l i s e d  w i th  22mg albumin p e r  mg f i b r i n o g e n .
i i )  "Cold" I o d i n a t e d  F ib r inogen  ( C l ) : f i b r i n o g e n  i o d i n a t e d  in house by 
t h e  i o d i n e  monochlo r ide  method,  b u t  w i th  n o n - r a d i o a c t i v e  i o d i n e .
i i i )  Old "Hot" F ib r inogen  (OHF): a s  fo r  HF above ,  b u t  one week p a s t  t h e  
e x p i r a t i o n  d a t e .
i v ) F ib r in o g e n  + Albumin (F+ALB): u n l a b e l l e d  f i b r i n o g e n ,  w i t h  22mg/mg 
albumin added,  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  the  albumin p r e s e n t  i n  t h e  
commercial  HF p r e p a r a t i o n .
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v) D i l u t e d  F ib r in o g e n  (DF): a m i x t u r e ,  2C$ HF and 80$ p u r e ,
n o n - i o d i n a t e d  f i b r i n o g e n .
vi  ) F ib r in o g e n  (F ) :  t h e  p u r e ,  n o n - i  o d in a te d  m a t e r i a l .
TABLE 7.2 EFFECT OF I-LABELLING ON THE ADSORPTION
OF FIBRINOGEN TO "15-"
CODE
"Hot" iodinated fibrinogen HF
(+22 mg albumin /  mg)
"Cold" iodinated fibrinogen* Cl
"Hot" iodinated fibrinogen OHF
(+22 mg albumin /  mg)
1 week past expiry date
Fibrinogen F+ALB
(+22 mg albumin /  mg)
"HF' d ilu ted  to  201 wrt DF .
fibrinogen in  fibrinogen
Fibrinogen F
IN 1I-LABELLED RADIOACTIVE?
5.1 ± 1.3 100 /
5.17 + 0.54 100 X
5.3 + 1.3 100 /
6.4 ± 1 .6  0 X
6.75 + 0.49 20 /
7.6 + 1 .4  0 X
The r e s u l t s  a r e  p r e s e n t e d  in T ab le  7 . 2 ,  in  t e rm s  o f  a p p a r e n t  a tom ic  $ 
n i t r o g e n .  T ab le  7 . 3  shows ' t h e  p e r c e n t a g e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  
between t h e  v a l u e s  o b t a i n e d ,  from a t w o - t a i l e d  t - t e s t .  I t  can  be s e e n ,  f o r  
example ,  t h a t  whereas  t h e  d i f f e r e n c e  between t h e  v a l u e s  o f  a to m ic  $ n i t r o g e n
TABLE 7.3 PERCENTAGE SIGNIFICANCE OF DIFFERENCE 
IN ADSORPTION LE\ELS
F DF F+ALB OHF Cl HF
F ★ 75 75 95 97.5 97.5
DF * 60 95 ' 99.5 95
F+ALB * 75 90 75
OHF * 60 60
Cl * <60
HF
fo r  t h e  ’’ho t"  i o d i n a t e d  f i b r i n o g e n  (HF) and t h e  " c o ld "  i o d i n a t e d  f i b r i n o g e n  
(C l)  h a s  a low l e v e l  o f  s i g n i f i c a n c e  ( <60%), b o th  a r e  s i g n i f i c a n t l y
d i f f e r e n t  (95%) from t h e  p u r e ,  n o n - i o d i n a t e d  m a t e r i a l  ( F ) . I o d i n a t i o n  
t h e r e f o r e  a p p e a r s  t o  reduce  t h e  a d s o r p t i o n  o f  f i b r i n o g e n  as  measured by XPS 
by ab o u t  30%, r e g a r d l e s s  o f  whether  t h e  i o d i n e  atom i s  r a d i o a c t i v e  o r  n o t .
The a p p a r e n t  dependence  o f  t h e  s u r f a c e  c o v e ra g e  on t h e  n a t u r e  o f  t h e  p r o t e i n
used  i n d i c a t e s  t h a t  t h e  p a t c h i n e s s  observed  i s  a r e a l  f e a t u r e  o f  p r o t e i n  
a d s o r p t i o n  r a t h e r  t h a n  an a r t i f a c t  o f  d r y i n g .
[7 .73  COMPETITIVE PROTEIN ADSORPTION
One advan tage  o f  u s i n g  r a d i o l a b e l l e d  p r o t e i n s  i s  t h a t  t h e  a d s o r p t i o n  o f
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m i x t u r e s  o f  more th a n  one p r o t e i n  i n  c o m p e t i t i o n  may b e  s t u d i e d ,  u s i n g  I
1 2  5and I  t a g s ,  which  em i t  y - r a y s  o f  d i f f e r e n t  e n e r g i e s .  Th is  t e c h n i q u e  was 
employed in  f u r t h e r  a d s o r p t i o n  s t u d i e s ,  d e s c r i b e d  be low,  i n  which  p r o t e i n  
m i x t u r e s  c o r r e s p o n d i n g  t o  s i m u l a t i o n s  o f  serum and plasma were e v a l u a t e d  w i t h
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t h e  ” 1 5 -” po lym er.
[ 7 . 7 1 ]  ADSORPTION FROM SIMULATED SERUM
The p r o t e i n  s o l u t i o n  i n  t h i s  e x p e r im e n t  c o n t a i n e d  0 . 8 0  mg/ml 131 I - l a b e l l e d  
albumin  and 0 . 2 9  mg/ml 125I - l a b e l l e d  IgG. Because t h e  two i o d i n e
r a d i o - i s o t o p e s  e m i t  y - r a y s  a t  d i f f e r e n t  e n e r g i e s ,  t h e  q u a n t i t i e s  o f  b o th  
p r o t e i n s  i n  t h e  e l u e n t  cou ld  be d e t e rm in e d  s i m u l t a n e o u s l y  in  t h e  y - c o u n t e r .
(a)
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= 0.2
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F i g .  7 .1 3  E l u t i o n  p r o f i l e  o f  p r o t e i n  adso rbed  from s i m u l a t e d  
serum t o  "15-*" po lymer ,  (a)  y - c o u n t  d a t a ,  0 :  IgG, 
A: a lbum in ;  (b) XPS d a t a  ( t o t a l  p r o t e i n ) .
F i g .  7 . 1 3 a ,  d e r iv e d  from th e  e l u e n t  y - c o u n t  d a t a ,  f i r s t l y  d e m o n s t r a t e s  t h e  
weakness  o f  th e  a d s o r p t i o n  o f  albumin i n  t h e  p r e s e n c e  o f  IgG, i n s p i t e  o f  i t s  
b e i n g  t h e  major component o f  t h e  p r o t e i n  s o l u t i o n .  I t  can  a l s o  be s een  t h a t  
t h e  l e v e l  o f  IgG a d s o r b i n g  has  been  reduced  by ^7 0% (due t o  t h e  lower  l e v e l  
i n i t i a l l y  p r e s e n t  in  s o l u t i o n ,  and p o s s i b l y  t h e  p r e s e n c e  o f  a l b u m in ) ,  and t h e  
marked d i f f e r e n c e  i n  t h e  a b i l i t i e s  o f  IPA and methanol  s o l u t i o n s  t o  d e s o r b
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th e  p r o t e i n s  i s  a g a in  d em o n s t ra te d .
The XPS d a t a  f o r  t o t a l  p r o t e i n  adso rbed  ( F ig .  7 .13b)  aga in  c o r r e l a t e s  w e l l  
w i th  t h a t  o b t a in e d  by r a d i o c o u n t i n g ,  th e  com para t ive  e f f e c t s  o f  IPA and
methanol  b e in g  r e s t a t e d .  I t  i s  i n t e r e s t i n g  t o  n o t e ,  however,  t h a t  whereas 
t h e  amount o f  IgG adso rbed  in t h e  p re s e n c e  o f  a lbumin ,  a s  d e r i v e d  by
r a d i o c o u n t i n g  th e  e l u e n t ,  i s  c o n s i d e r a b l y  reduced ,  t h e  " c o v e r a g e ’1 o f  th e  
p r o t e i n  measured by XPS i s  ap p ro x im a te ly  t h e  same.  Th is  may be due i n  p a r t  
t o  t h e  a c t i o n  o f  albumin as an a n t i c o a g u l a n t ,  h e l p i n g  t o  p r e v e n t  m u l t i l a y e r  
fo rm a t io n  r a t h e r  tha n  by i n h i b i t i n g  th e  a d s o r p t i o n  o f  IgG t o  f r e s h  polymer 
s u r f a c e .
[ 7 .7 2 ]  ADSORPTION FROM SIMULATED PLASMA
I OC
This  exper im en t  was performed in  two p a r t s ,  t h e  f i r s t  w i th  I - l a b e l l e d  
f i b r i n o g e i ,  131 I - l a b e l l e d  albumin and u n l a b e l l e d  IgG; t h e  second w i th  
125I - l a b e l l e d  IgG, 131 I - l a b e l l e d  albumin and u n l a b e l l e d  f i b r i n o g e n .  In  bo th  
e x p e r im en t s  t h e  c o n c e n t r a t i o n s  i n  s o l u t i o n  were 1 .23  mg/ml a lbum in ,  0 . 7  mg/ml 
IgG and 0.1*1 mg/ml f i b r i n o g e n .
F i g .  7.1*la shows th e  e l u t i o n  p r o f i l e  f o r  t h e  f i r s t  p a r t  o f  t h i s  exp e r im e n t  
( u n l a b e l l e d  IgG).  I t  i s  a p p a r e n t  t h a t  t h e  f i b r i n o g e n  in  t h i s  m ix tu r e  i s  more 
s t r o n g l y  adsorbed  than  t h e  a lbumin.  In F ig .  7 .15a  th e  d a t a  from t h e  second 
p a r t  o f  the  exper im en t  i s  p r e s e n t e d ,  which shows t h a t  t h e  l e v e l  o f  a d s o r p t i o n
o f  IgG l i e s  between t h a t  o f  f i b r i n o g e n  and a lbumin ,  i n  k e e p in g  w i th  t h e
l i t e r a t u r e ,  and p r e v io u s  o b s e r v a t i o n s  in  t h i s  s t u d y  ( 2 5 , 2 6 ) .
F i g .  7
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14 E l u t i o n  p r o f i l e  f o r  p r o t e i n  a dso rbed  from s i m u l a t e d  p la sm a  to  
" 1 5 - "  p o ly m er ,  w i t h  u n l a b e l l e d  IgG. (a)  y - c o u n t  d a t a ,
O :  f i b r i n o g e n ,  A :  a lbum in ,  (b) XPS d a t a  ( t o t a l  p r o t e i n } .
(b)
0.9
0.8
0.7
0.6 
5  0.5
I 0.4
0.3
0.2
0.1
0
d  d  d  5  5
£  £  £  £  ck ck
1
6
1
IPA0
d  d  d  5  5
^ ^  =g ck 7-ac
15 E l u t i o n  p r o f i l e  f o r  p r o t e i n  a dso rbed  from s i m u l a t e d  p la sm a to  
" 1 5 - "  po lym er ,  w i t h  u n l a b e l l e d  f i b r i n o g e n ,  (a) y - c o u n t  d a t a ,  
O :  IgG, A : a lbumin ,  (b) XPS d a t a  ( t o t a l  p r o t e i n ) .
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The XPS a n a l y s i s  o f  t h e  two p a r t s  o f  th e  exper im en t  i s  p r e s e n t e d  in  
F i g s .  7 .14b  and 7 . 1 5 b .  Again t h e r e  i s  a l a r g e  v a r i a b i l i t y  e v i d e n t  in  t h e
d a t a ,  however an o v e r a l l  d i f f e r e n c e  i n  t h e  "coverage"  i s  d i s c e r n a b l e  which
may be a r e s u l t  o f  hav ing  a d i f f e r e n t  p r o t e i n  i n  t h e  n o n - r a d i o l a b e l l e d  form 
in  each p a r t  o f  t h e  ex p e r im e n t .
[ 7 . 8 ]  CONCLUSIONS
i )  I t  has been shown t h a t ,  i n  keep ing  w i th  t h e  model o f  t h e  adsorbed  p r o t e i n  
l a y e r  proposed  by the  L iv e rp o o l  b i o m a t e r i a l s  g roup ,  hydrophob ic  i n t e r a c t i o n s  
dominate a t  t h e  p r o t e i n  /  " 1 5 - ” polymer i n t e r f a c e .  Comparison o f  me thanol  
and IPA s o l u t i o n s  as  e l u e n t s  i n d i c a t e s  t h a t  p r o t e i n  i s  deso rbed  when t h e
work o f  co h es io n  o f  t h e  l i q u i d  i s  eq u a l  t o  t h e  work o f  adhes ion  o f  t h e  l i q u i d
to  t h e  polymer ,  i e .  when t h e  i n t e r f a c e  as  " seen"  by t h e  p r o t e i n s  v a n i s h e s .
i i )  I t  h a s  been dem ons t ra ted  t h a t  I - l a b e l l i n g  changes t h e  a d s o r p t i o n  
c h a r a c t e r i s t i c s  o f  p r o t e i n s ,  a p p a r e n t l y  i n c r e a s i n g  t h e i r  t e n d en cy  t o  
c o a g u l a t e .  Th is  e f f e c t  was observed  i r r e s e p e c t i v e  of  whether  t h e  I  l a b e l  was 
r a d i o a c t i v e  or n o t ,  a l though  i t  was n o t  concluded  whether i t  i s  due t o  t h e  
p r e s e n c e  o f  the  I  atom i n  the  m olecu le  o r  as a r e s u l t  of  th e  r i g o u r s  o f  t h e  
r a d i o l a b e l l i n g  p ro c e d u re .
i i i )  I t  was conf irmed  t h a t  t h e  l e v e l s  o f  adsorbed  p r o t e i n  from plasma a re  in  
t h e  o r d e r  f i b r i n o g e n  > y - g l o b u l i n  > albumin f o r  t h e  "15-"  s u r f a c e .
i v )  Comparison o f  th e  r e s u l t s  o b t a i n e d  from XPS and r a d i o l a b e l l i n g  i n d i c a t e s  
t h a t  t h e  p r o t e i n  a d s o r b s  in p a t c h e s  r a t h e r  than  as  a c o n t ig u o u s  over l a y e r .
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[8 .0 ]  DISCUSSION AND CONCLUSION
The a c c e p t a b i l i t y  o r  o th e rw is e  o f  a b i o m a t e r i a l  must u l t i m a t e l y  be dec ided  on 
t h e  b a s i s  o f  in v ivo  t e s t i n g .  This  p ro c e d u re ,  and even in  v i t r o  t e s t i n g  
u s in g  p r o t e i n s  and c e l l s ,  e v a l u a t e s  t h e  p r o p e r t i e s  o f  the  l i v i n g  env i ronm ent 
as much as t h e  p r o p e r t i e s  o f  the  s y n t h e t i c  m a t e r i a l .  Although such t e s t i n g  
may p rov ide  a r e a l i s t i c  a s s e s sm e n t  o f  the  b i o m a t e r i a l  in u s e ,  a s  p robes  o f  
t h e  i n t e r a c t i o n s  o c c u r i n g  a t  t h e  i n t e r f a c e  t h e y  a re  l e s s  th a n  p r e c i s e .  
A n a ly s i s  o f  t h e  t i s s u e  /  s y n t h e t i c  m a t e r i a l  i n t e r f a c e ,  o f  n e c e s s i t y ,  i n v o l v e s  
i t s  exposure  t o  exam ina t ion  b u t  even when t h i s  can be done ,  no s i n g l e  s u r f a c e  
a n a l y t i c a l  t e c h n i q u e  can p ro v id e  a comple te c h a r a c t e r i s a t i o n  o f  t h e  s u r f a c e .
Techniques  such as i n f r a - r e d  s p e c t r o s c o p y ,  e l l i p s o m e t r y  and c o n t a c t  a n g le  
measurement ,  which have been t h e  main t o o l s  o f  the  b i o m a t e r i a l s  s c i e n t i s t  f o r  
t h e  i n v e s t i g a t i o n  o f  s u r f a c e s ,  do g iv e  p r e c i s e  and s p e c i f i c  i n f o r m a t i o n ,  
a l though  i t  n e a r l y  always c o n ce rn s  t h e  i n t e r a c t i o n s  between t h e  m a t e r i a l  and 
an a r t i f i c i a l  "model" env i ronm en t .  A d d i t i o n a l l y ,  t h e s e  t e c h n i q u e s  f u n c t i o n  
b e s t  in t h e  a n a l y s i s  o f  a s t a t i c  sy s t e m ,  and so a t  b e s t  g iv e  a " f rame by 
frame" p i c t u r e  o f  any changes o c c u r i n g  i n  the  s u r f a c e .  Although such changes 
have been p o s t u l a t e d  in  r e s p e c t  o f  th e  a c t i o n  o f  ions  a t  s u r f a c e s ,  t h e  
abovement ioned t e c h n iq u e s  a r e  n o t  w e l l  s u i t e d  t o  the  s t u d y  of  such phenomena,  
which a r e ,  t h e r e f o r e ,  u s u a l l y  ove r lo o k e d .
C onsequen t ly  i t  may have become comnon to  t h i n k  o f  polymer s u r f a c e s  a s  i n e r t  
and somehow immune to  a l l  t h a t  happens  around them,  i n f l u e n c i n g ,  f o r  exam ple ,  
th e  w a te r  s t r u c t u r e  in  t h e  v i c i n i t y  b u t  remain ing  u n a f f e c t e d  t h e m s e l v e s .  
Th is  p i c t u r e  may be  r e a s o n a b le  fo r  t h e  hydrophobic  e n g i n e e r i n g  p o ly m e r s ,  b u t  
in t h e  c a s e  o f  pHEMA h y d r o g e l s  (1)  and t h e  a c r y l i c  copolymers s t u d i e d  in  t h i s
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work,  i t  i s  f a r  from th e  t r u t h .  I t  has  been shown t h a t  t h e s e  polymer 
s u r f a c e s  a r e  r e s p o n s iv e  and e v e r - c h a n g in g ,  making i t  e n t i r e l y  wrong t o  t h i n k  
of  them as p a s s i v e  s u b s t r a t e s  on which th e  s u r f a c e  c h e m is t r y  i s  d i c t a t e d  by 
t h e  n a t u r e  o f  the envi ronment a l o n e .
The dynamic n a tu re  o f  t h e s e  i n t e r f a c e s  has  been dem ons t ra ted  by XPS i n  t h e  
s t u d y  of  t h e  ion  exchange  mechanisms o c c u r i n g  in s o l u t i o n .  As s t a t e d  
p r e v i o u s l y ,  t h e s e  i n t e r a c t i o n s  have  no t  been s tu d ie d  in dep th  t o  d a t e  by 
r e s e a r c h e r s  in t h e  b i o m a t e r i a l s  f i e l d .  Th is  s tu d y  was a b l e  to  b e n e f i t  from a 
ra n g e  o f  c a r e f u l l y  s y n t h e s i s e d  and wel l  c h a r a c t e r i s e d  "charged"  po lym ers ,  a s  
w e l l  as  a t e c h n i q u e ,  XE5, which proved to  be well  s u i t e d  to  t h e  s t u d y  o f  
t h e i r  i n t e r a c t i o n s  with  i o n s .  Should o th e r  workers  d e c i d e  t h a t  t h e  exchange  
o f  ions  a t  a polymer s u r f a c e  i s  an im p o r ta n t  c o n s i d e r a t i o n  fo r  b i o m a t e r i a l s ,  
t h e n  XPS w i l l  have a v a l u a b l e  c o n t r i b u t i o n  to  make.
[ 8 . 1 ]  ION EXCHANGE AT THE INTERFACE
I o n s  undoub tab ly  p l a y  a major r o l e  in  p r o t e i n  c h e m i s t r y  ( 2 ) .  I t  has  been
proposed (3)  t h a t  p r o t e i n s  a r e  manoeuvred in s o l u t i o n  l a r g e l y  by i o n i c
i n t e r a c t i o n s ,  which a re  o m n i - d i r e c t i o n a l  and which have  a s t r e n g t h  which
2f a l l s  o f f  w i th  d i s t a n c e  as 1/r  ( c f .  1/r  fo r  d i p o l e  i n t e r a c t i o n s ,  which* 
a r e  a l s o  r e s t r i c t e d  in  d i r e c t i o n ) .  The i r  e f f e c t s  a t  s u r f a c e s ,  some o f  which 
have been r e v e a l e d  in t h i s  s t u d y ,  may b e  c r u c i a l  t o  t h e  n a t u r e  o f  t h e  
b i o m a t e r i a l  /  t i s s u e  i n t e r f a c e .  The r e s u l t s  o f  t h i s  s tu d y  may a l s o  p o i n t  t o  
s o l u t i o n s  t o  some o f  th e  a p p a r e n t  p u z z l e s  f a c i n g  b i o m a t e r i a l s  s c i e n t i s t s  in  
r e s p e c t  o f  p r o t e i n  a d s o r p t i o n  t o  charged  polymer s u r f a c e s .
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A s u r p r i s i n g ,  and perhaps  f r u s t r a t i n g ,  f i n d i n g  o f  b i o m a t e r i a l s  r e s e a r c h  i s  
t h a t  t h e  p r o v i s i o n  o f  n e g a t i v e  cha rges  on t h e  im p lan t  s u r f a c e  does  n o t  
p r e v e n t  th rom bos is  in s i t u a t i o n s  o f  blood c o n t a c t  ( 4 - b ) .  I t  i s  expec ted  t h a t  
t h i s  a t t e m p t  to  s i m u l a t e  t h e  ch a rge  o f  the  n a t u r a l  blood v e s s e l  w a l l  would 
r e n d e r  t h e  s u r f a c e  non- th rom bogen ic  through the  e l e c t r o s t a t i c  r e p u l s i o n  o f  
t h e  n e g a t i v e l y  charged p r o t e i n s  and p l a t e l e t s .  E xper ience  w i th  p o ly io n  
complexes ,  however ,  has  i n d i c a t e d  t h a t  a b a l a n c e  o f  n e g a t i v e  and p o s i t i v e  
ch a rg e  i s  o p t im a l  ( 7 ) .
Not o n ly  do p r o t e i n s  adsorb  t o  n e g a t i v e l y  charged s u r f a c e s ,  b u t  t h e y  a l s o  
i n t e r f a c e  w i th  them v i a  a p r o p o r t i o n  o f  t h e i r  ( n e g a t iv e  charge  -  fo rming)  
ca rboxy l  groups ( 8 ) .  Another a p p a r e n t  anomoly i s  th e  a b i l i t y  o f  p r o t e i n s  t o  
adso rb  to  hydrophobic s u r f a c e s  ( th rough  hydrophobic  i n t e r a c t i o n s )  w i th o u t  
n e c e s s a r i l y  d e n a t u r i n g  t o  expose t h e  hydrophobic  " c o r e ” o f  t h e i r  
s t r u c t u r e s  ( 9 - 1 2 ) .
Another f e a t u r e  o f  the  e f f e c t s  o f  polymer charge  has been reviewed in  s e c t i o n
[ 7 . 2 2 ] ,  I t  was found t h a t  p r o t e i n  a d s o r p t i o n  t o  t h e  n e g a t i v e l y  charged  
polymers was s t r o n g ,  m a in ly  i r r e v e r s i b l e  and v ia  hydrophobic i n t e r a c t i o n s ,  
whereas p r o t e i n  a d s o r p t i o n  to  t h e  p o s i t i v e l y  charged s u r f a c e s  was weaker ,  
more r e v e r s i b l e  and v i a  i o n i c  and " h y d r o p h i l i c 11 i n t e r a c t i o n s  as w e l l .  I t  
might  r e a s o n a b l y  have been expec ted  t h a t  th e  n e g a t iv e  s u r f a c e  would r e p e l  t h e  
n e g a t i v e l y  charged p r o t e i n s ,  and t h e  p o s i t i v e  s u r f a c e  would a t t r a c t  and b ind  
them s t r o n g l y .
The XPS a n a l y s i s  o f  the  i n t e r a c t i o n s  o f  ions  w ith  t h e s e  po lymers  p ro v id e s  an 
e x p l a n a t i o n  o f  t h e s e  a p p a r e n t  p e c u l i a r i t i e s .  I t s  b a s i s  l i e s  i n  t h e  
e x p o s i t i o n  o f  the  dynamic n a tu re  o f  the  polymer s u r f a c e .  F a r  from b e in g
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i n e r t  and im p e n e t r a b l e ,  th e  po lymers  s t u d i e d  in t h i s  work a r e  a b l e  t o
exchange io n s  with  t h o s e  in  s o l u t i o n  and s e l e c t i v e l y  abso rb  t h e i r  
c o u n t e r i o n s .  This  w i l l  l e a d  to  major changes in t h e  n a tu re  o f  th e  polymer 
i n t e r f a c e  wi th  t h e  p h y s i o l o g i c a l  env i ronm ent .  The s o l u t i o n  pH and i o n i c i t y  
a t  t h e  i n t e r f a c e  w i l l  be a f f e c t e d ,  and th e  s w e l l i n g  o f  th e  polymer s u r f a c e  
w i l l  l e ad  t o  a g r e a t e r  m o b i l i t y  of  t h e  s i d e  c h a i n s ,  pe rhaps  making th e
polymer as " a d a p t a b l e ” t o  p r o t e i n s  as t h e y  a re  to  i t .
A model o f  th e  i n t e r a c t i o n s  o c c u r i n g  a t  t h e  s u r f a c e  o f  a charged polymer when 
immersed in  plasma can be proposed  on t h e  b a s i s  o f  the  e x p e r i m e n t a l  r e s u l t s  
p r e s e n t e d  in  c h a p t e r s  6 and 7 .  I t  i s  conce rned  wi th t h e  changing pH o f  t h e
aqueous  m ic ro -env i ronm en t  a t  t h e  polymer s u r f a c e ,  and th e  arguments  p r e s e n t e d
a re  assumed to  hold  t r u e  a t  t h e  polymer /  s o l u t i o n  i n t e r f a c e  d e s p i t e  t h e  use  
o f  phosphate  b u f f e r e d  s a l i n e  in  t h e  p r o t e i n  e l u t i o n  ex p e r im en t s  ( c h a p t e r  7 ) .  
The da ta  from th e  r e c o r d i n g  pH meter  (F ig s .  6 . 1 5  and 6 .16)  i n d i c a t e s  t h a t
upon t h e  immersion o f  t h e  polymer in  p lasma,  a r a p i d  i o n i s a t i o n  o f  a
p r o p o r t i o n  o f  the  c h a rg e - fo rm in g  groups t a k e s  p la c e  in t h e  polymer s u r f a c e  
( F i g .  8 . 1 a ) .  Frcm t h e  C - p o t e n t i a l  measurements in F i g .  6 . 1 2  i t  was seen  t h a t  
t h e  n e g a t i v e l y  charged (A A-con ta in ing)  polymers a c q u i r e  a S te rn  l a y e r  o f  Na+ 
i o n s ,  whereas t h e  p o s i t i v e l y  charged (EMAEMA-containing) po lymers  a r e
p ro b a b ly  covered  by a mixed l a y e r  i n c l u d i n g  Cl and H i o n s .  The s u r f a c e '  
o f  the  " n e g a t i v e l y  charged"  polymer ,  t h e n ,  w i l l  f a i l  to r e p e l  p r o t e i n s  by 
e l e c t r o s t a t i c  i n t e r a c t i o n s ,  in d e ed ,  t h e  S t e m  l a y e r  o f  p o s i t i v e  io n s  may w el l  
a t t r a c t  them. On th e  o t h e r  hand t h e  mixed ion l a y e r  on t h e  " p o s i t i v e l y  
charged"  polymer w i l l  r e s u l t  in  weaker i n t e r a c t i o n s  w i th  p r o t e i n s  in  
s o l u t i o n ,  t e n d i n g  t o  c a n c e l  ou t  t h e  a t t r a c t i v e  e f f e c t s  o f  the  p o s i t i v e l y  
charged groups in t h e  polymer s u r f a c e .
F ig . 8.
(a)
(b)
protein
rjs
cr H* Q'Cl"
MMA/DMAEMA
( C )
(d)
pHii
1 Model o f  th e  changing  i n t e r f a c e  between a polym er b e a r in g  charge  
form ing groups ( s p e c i f i c a l l y  pMMA/AA on th e  l e f t  and pMMA./DMAEMA. 
on th e  r i g h t )  and p lasm a.
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Over a pe r io d  o f  h o u r s ,  the  polymer w i l l  sw e l l  and c o u n t e r - i o n s  (o n ly )  w i l l  
d i f f u s e  in  ( F ig .  8 . 1 b ) .  Frcm t h e  XPS d a t a  p r e s e n te d  in  s e c t i o n s  [6 .3 ^ ]  and 
[6 .3 5 ]  i t  i s  known t h a t  Na+ io n s  w i l l  r e p l a c e  H+ ions  from th e  a c r y l i c  a c i d  
r e s i d u e s  in th e  n e g a t i v e l y  charged po lymer ,  t h e  l a t t e r  d i f f u s i n g  ou t  o f  t h e  
m a t r i x .  In th e  p o s i t i v e l y  charged polymer ,  H+ ions  a re  r e q u i r e d  t o  form th e  
-N+<^ groups  b e f o r e  t h e  Cl“ ion  can i n t e r a c t ,  so t h a t  t h e  f low  o f  t h e  
h y d ra te d  H+ io n s  in t h i s  c a s e  i s  i n t o  t h e  po lymer ,  accompanying t h e  h y d r a t e d  
Cl i o n s .
The f low o f  H+ io n s  o u t  o f ,  o r  in  to  t h e  polymers w i l l  a f f e c t  t h e  
i n t e r  f a c i a l  pH o f  th e  aqueous phase ( F ig .  8 . 1 c ) .  The pH drop a t  t h e  s u r f a c e  
o f  th e  n e g a t i v e l y  charged polymers  (due to th e  l i b e r a t i o n  o f  H+ i o n s  a s  Na+ 
io n s  r e p l a c e  them) w i l l  s u p p re s s  t h e  a c i d i c  i o n i s a t i o n  o f  th e  c a rb o x y l  groups  
on c e r t a i n  amino a c id  r e s i d u e s  in t h e  p r o t e i n  m olecu le s  a t  t h e  i n t e r f a c e .  On 
t h e  o t h e r  hand ,  th e  pH immediate t o  th e  s u r f a c e  o f  the  p o s i t i v e l y  charged 
polymer w i l l  r i s e ,  and t h e  a c i d i c  i o n i s a t i o n  o f  the  p r o t e i n  g roups  w i l l  be 
enhanced.
The magnitude  o f  the  pH change a t  a s u r f a c e  has  been r e l a t e d  t o  t h e  s u r f a c e
z e t a  p o t e n t i a l  in pure w ate r  by H a r t l e y  and Roe (1 3 ) .  With r e f e r e n c e  t o
eqn.  ( 6 . 1 )  th e  c o n c e n t r a t i o n  o f  hydrogen ions  a t  th e  s u r f a c e  [H+ 3g may be
r e l a t e d  t o  t h a t  in th e  bulk [H+ l  and th e  s u r f a c e  z e t a  p o t e n t i a l  C byb
CH+ ] g = [H+ ]b e x p ( - e ? / k T )  ( 8 . 1 )
whence
pHg = p ^  + 2 . 303c ( e /kT )  ( 8 . 2 )
so  t h a t  a t  room t e n p o ^ a t u r e ,  fo r  a s o l u t i o n  o f  pH 7 . 0 ,  t h e  n e g a t i v e l y  charged 
polymers w i l l  have s u r f a c e  pH v a lu e s  in t h e  r e g io n  o f  pH 6 . 5  and t h e  
p o s i t i v e l y  charged m a t e r i a l s  pH 7 . 5 .
218
The p re s en ce  o f  ions  in s o l u t i o n  i n v a l i d a t e s  the  use  o f  eqn .  ( 8 . 2 ) ,  a s  t h e  
z e t a  p o t e n t i a l  i s  no longe r  r e l a t e d  t o  th e  s u r f a c e  hydrogen ion c o n c e n t r a t i o n  
a l o n e ,  however,  th e  a d s o r p t i o n  o f  c o u n t e r i o n s  w i l l  s y n e r g i s e  t h e  u p ta k e  ( i n  
p o s i t i v e l y  charged po lymers)  o r  r e l e a s e  ( i n  n e g a t i v e l y  charged polymers)  o f  
H+ i o n s ,  and hence i n c r e a s e  t h e  magnitude  o f  the  pH change a t  t h e  s u r f a c e .
The changes in t h e  degree  o f  i o n i s a t i o n  o f  the  p r o t e i n  carboxyl  groups  due to  
t h e  changes in  t h e  i n t e r f a c i a l  pH w i l l  a f f e c t  t h e  ne t  hydrophobic  i t y  o f  t h e  
molecu le  ( F ig .  8 . I d ) . A drop in pH w i l l  l e a d  t o  the  fo rm a t ion  o f  hydrophobic  
a r e a s  in  r e g i o n s  o f  th e  s t r u c t u r e  p re d o m in a n t ly  popu la ted  by ca rboxy l  g ro u p s ,  
which w i l l  be a b l e  t o  i n t e r f a c e  wi th  hydrophobic  r e g i o n s  in t h e  polymer 
s u r f a c e  th rough  hydrophobic  i n t e r a c t i o n s .  I t  happens t h a t  t h e  pMMA/AA 
copo lym ers ,  which w i l l  e x p e r i e n c e  a pH drop  a t  t h e  i n t e r f a c e ,  have a low 
c o n c e n t r a t i o n  o f  h y d r o p h i l i c  monomer, so t h a t  i n t e r a c t i o n s  between 
hydrophobic  domains on t h e  polymer and p r o t e i n  s u r f a c e s  a r e  enhanced .  
Indeed ,  i t  was found ( s e c t i o n  [ 7 . 2 2 ] )  t h a t  t h e s e  n e g a t i v e l y  charged polymers  
adso rb  p r o t e i n s  a lmos t  e x c l u s i v e l y  th ro u g h  hydrophobic  i n t e r a c t i o n s .  The 
s u p p r e s s i o n  o f  the  a c i d i c  i o n i s a t i o n  o f  the  p r o t e i n  ca rboxy l  g roups  a t  t h e s e  
s u r f a c e s  a l so  a l l o w s  t h e s e  groups  t o  t a k e  t h e i r  p l a c e  a t  t h e  s u r f a c e  o f  t h e  
" n e g a t i v e l y  charged" polymer.
On th e  o t h e r  hand,  a t  the  s u r f a c e  o f  a " p o s i t i v e l y  charged"  po lymer ,  t h e  pH 
r i s e  w i l l  enhance t h e  a c i d i c  i o n i s a t i o n  o f  the  p r o t e i n  g r o u p s ,  a l l o w in g  t h e  
fo rm a t io n  o f  bonds in v o lv in g  w ate r  m o i t i e s  ( i n c l u d i n g  hydrogen bond ing)  and 
hy d ra te d  i o n s .  As r e p o r t e d  in s e c t i o n  [7 .2 2 ]  t h e  pMMA/EM AEMA s u r f a c e s  do 
indeed  a d s o rb  p r o t e i n  through a m ix tu re  o f  bonding mechanisms.
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To summarise,  t h e n ,  the  n e g a t i v e l y - c h a r g e d  polymer s u r f a c e  s t r o n g l y  a t t r a c t s  
p r o t e i n  m olecu les  ( th rough  t h e  agency  of  a S te rn  l a y e r  o f  c o u n t e r i o n s ) ,  
low ers  t h e  pH i n  t h e i r  v i c i n i t y ,  making them more h y d ro p h o b ic ,  and b i n d s  them 
s t r o n g l y  to t h e  hydrophobic  r e g i o n s  on th e  polymer s u r f a c e  ( i e .  a r e a s  r i c h  
in  m e thy l  m e t h a c r y l a t e ) .  The p o s i t i v e l y - c h a r g e d  polymer s u r f a c e  does  n o t  
s t r o n g l y  a t t r a c t  p r o t e i n  i n i t i a l l y ,  r a i s e s  th e  pH a t  t h e  i n t e r f a c e  and a l lo w s
a h ig h e r  degree  o f  i o n i c  and " h y d r o p h i l i c ” i n t e r a c t i o n s .
I t  i s  n o t  n e c e s s a r y ,  i n  t h i s  model ,  f o r  the  p r o t e i n  m o lecu le s  t o  d e n a t u r e  
b e f o r e  a d s o rb in g  by hydrophob ic  i n t e r a c t i o n s  with t h e  n e g a t i v e l y - c h a r g e d  
polymer s u r f a c e ,  a s  t h e  p r o t e i n  " s k i n "  w i l l  have been r e n d e r e d  more
hydrophobic  as a r e s u l t  o f  the  l o c a l  drop  in pH. I f  t h e  pH were t o  f a l l  low
enough, o f  c o u r s e ,  the  i n t r a c h a i n  hydrogen bonding ( 2 ,1 4 , 1 5 )  w i l l  be a f f e c t e d
and t h e  p r o t e i n  w i l l  d e n a t u r e .  I t  w i l l ,  however , s t i l l  be t i g h t l y  bound by
hydrophobic  i n t e r a c t i o n s  so t h a t  t h e  l i k e ly h o o d  o f  i t  b e in g  deso rbed  and
t r i g g e r i n g  t h e  blood c l o t t i n g  sequence  or an immune r e a c t i o n  i s  r e d u c e d .
In th e  c a s e  o f  the  p o s i t i v e l y - c h a r g e d  polymer,  a l a r g e  i n c r e a s e  i n  t h e  pH 
w i l l  a g a i n  cause th e  p r o t e i n  to  d e n a tu r e  ( a s  th e  p r o t e i n - s o l v e n t  i n t e r a c t i o n s  
i n c r e a s e  and the  cha in  u n f o l d s  ( 1 6 - 1 8 ) ) ,  however,  th e  d e n a t u r e d  p r o t e i n  can 
e a s i l y  be desorbed  by w a t e r .  So a l though  in  t h i s  model t h e
p o s i t i v e l y - c h a r g e d  s u r f a c e  a d s o r b s  l e s s  p r o t e i n  than  t h e  n e g a t i v e l y - c h a r g e d  
s u r f a c e ,  and more r e v e r s i b l y ,  any den a tu red  p r o t e i n  i s  r e t u r n e d  to  t h e
env i ronment more r e a d i l y ,  making them p o t e n t i a l l y  more th r o m b o g e n ic .
The model o f  t h e  polymer /  plasma i n t e r f a c e  o u t l i n e d  above does n o t  s p e c u l a t e  
on t h e  n a t u re  o f  any wate r  s t r u c t u r i n g  a t  th e  i n t e r f a c e ,  a s  i t  was n o t  found 
p o s s i b l e  to  d e t e c t  a bound w a te r  l a y e r  by XPS. I t  i s  p o s s i b l e  t h a t  w a te r
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s t r u c t u r i n g  may b e  a f a c t o r  in  t h e  a b s o l u t e  s e l e c t i v i t y  in ion  a b s o r p t i o n  
shown by t h e s e  m a t e r i a l s ,  however,  th e  m o b i l i t y  o f  hyd ra te d  c o u n t e r i o n s  and 
H+ io n s  r e q u i r e d  by the  model p o i n t s  t o  something o th e r  th a n  an immobi le ,  
s t r i c t l y  o rde red  w ate r  s t r u c t u r e  o b t a i n i n g  a t  the  polymer s u r f a c e .
As has  been p o in t e d  o u t ,  an  excess  o f  e i t h e r  n e g a t iv e  o r  p o s i t i v e  polymer 
ch a rg e  i s  c a p a b le  o f  cau s in g  p r o t e i n  d e n a t u r a t i o n  as a r e s u l t  o f  l a r g e ,  l o c a l  
pH c h an g e s .  This  model ,  t h e n ,  i n d i c a t e s  t h a t  a b a l a n c e  o f  p o s i t i v e  and 
n e g a t i v e  charges  would be op t im a l  f o r  m a i n t a i n i n g  th e  i n t e r f a c i a l  pH w i t h i n  
t h e  l i m i t s  t o l e r a t e d  by p r o t e i n s .  I t  would seem f r u i t f u l  to app ly  t h e  
t e c h n iq u e s  developed  in t h i s  work to  t h e  s tu d y  of  the i n t e r a c t i o n s  o f  plasma 
c o n s t i t u e n t s  w i th  t h e  s u r f a c e s  o f  more complex a c r y l i c  copolymers ,  which may 
be s y n th e s i s e d  t o  c o n t a in  a ba lance  o f  n e g a t i v e ,  p o s i t i v e ,  h y d r o p h i l i c  and 
hydrophobic  groups (19 ) .
[ 8 . 2 ]  CONCLUSION
The dynamic n a tu re  o f  t h e  polymer s u r f a c e ,  observed a t  20°C i n  s im ple  
s o l u t i o n s ,  w i l l  be enhanced a t  37°C i n  the  complex p h y s i o l o g i c a l  e n v i ro n m en t .  
The s t u d i e s  p r e s e n t e d  in t h i s  work, t h e n ,  can o n ly  p ro v id e  a s i m p l i f i e d  
p i c t u r e  o f  the  h i g h l y  com pl ica ted  i n t e r a c t i o n s  o c c u r i n g  a t  the  s u r f a c e  o f  a 
p r o s t h e t i c  d e v i c e .
Even so ,  t h e s e  c o n s i d e r a t i o n s  must c a s t  some doubt on t h e  u s e f u l n e s s  o f  d a t a  
o b t a in e d  in  th o s e  exper im en ts  where coupons o f  polymer f i lm  were immersed in  
a s o l u t i o n  o f  r a d i o l a b e l l e d  p r o t e i n  and the n  s u b je c t e d  t o  a s e r i e s  o f  washes 
in  v a r i o u s  e l u e n t s .  As t h e s e  . e l u e n t s  were a p p l i e d  s e q u e n t i a l l y ,  i t  i s
q u e s t i o n a b l e  as to  whether  t h e  i n t e r a c t i o n s  between polymer and p r o t e i n
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o b t a i n i n g  d u r in g  the  f i r s t  wash were t'he same as those  d u r in g  t h e  l a s t ,  th e  
polymer s u r f a c e  hav ing  been changing  a l l  t h e  t i m e .  Perhaps  a s e r i e s  o f  
e x p e r im en t s  employing o n ly  one wash o f  the  a p p r o p r i a t e  e l u e n t  a p p l i e d  some 
t ime a f t e r  t h e  a d s o r p t i o n  o f  p r o t e i n  would have prov ided  a more r e a l i s t i c  
measure o f  t h e  b a l a n c e  o f  b in d i n g  mechanisms o p e r a t i n g  a t  th e  polymer /  
p r o t e i n  i n t e r f a c e .
I t  would a l so  p rove  u s e f u l  to i n v e s t i g a t e  t h e  a b s o r p t i o n  o f  ions  from a more 
comple te  s i m u l a t i o n  o f  p lasma,  t o  e v a l u a t e  th e  c o m p e t i t i o n  among t h e  i o n s  and 
m oni to r  p o s s i b l e  exchanges between them i n  the  polymer s u r f a c e .  Such s t u d i e s  
may throw some l i g h t  on t h e  p roblems o f  the  l o n g - t e r m  p a t e n c y  o f  im p lan t  
m a t e r i a l s .
The exper im en ts  as per fo rm ed ,  however,  p e r t a i n  wel l  to  t h e  s i t u a t i o n  j u s t  
a f t e r  t h e  i m p l a n t a t i o n  o f  a p r o s t h e t i c  d e v i c e ,  i n c lu d i n g  as t h e y  do v i r g i n  
polymer s u r f a c e  and th e  major e lem en ts  o f  plasma ( o r  e x t r a c e l l u l a r  f l u i d ) ,  
namely w a te r ,  sodium and c h l o r i d e  i o n s ,  and t h e  t h r e e  main plasma p r o t e i n s ,  
a lbumin ,  Y - g lo b u l i n  and f i b r i n o g e n .  I t  has  t h e r e f o r e  been p o s s i b l e  t o  
s p e c u l a t e ,  on t h e  b a s i s  o f  t h e s e  e x p e r i m e n t s ,  on the  sequence  o f  e v e n t s  
o c c u r i n g  a t  t h e  t i s s u e  /  s y n t h e t i c  m a t e r i a l  i n t e r f a c e .
In a d d i t i o n  to  th e  e l u c i d a t i o n  o f  th e  i n t e r f a c e ,  the aim of t h i s  s tu d y  was t o  
e v a l u a t e  and d ev e lo p  t h e  XPS t e c h n iq u e  as a t o o l  fo r  t h e  s t u d y  of  
b i o m a t e r i a l s .  The c o n c l u s i o n s  drawn in t h i s  r e s p e c t  w i l l  now be  summarised.
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[8 .2 1 ]  THE POTENTIAL OF XPS’ IN BIOMATERIALS RESEARCH
The most obv ious  l i m i t a t i o n  o f  th e  t e c h n iq u e  i s  t h e  need to  s tu d y  t h e  samples 
in  a h ig h  vacuum, so t h a t  th e  h y d ra te d  i n t e r f a c e s  o b t a i n i n g  in  vivo canno t  be 
examined d i r e c t l y .  I t  was found,  f o r  th e  i n s t r u m e n t  used in  t h i s  work, t h a t  
c o o l i n g  t h e  specimen w i th  l i q u i d  n i t r o g e n  led t o  the  r a p i d  accum ula t ion  o f  a 
c o n t a m in a t io n  l a y e r ,  so t h a t  t h e  samples examined in t h i s  s tu d y  were
r i g o r o u s l y  d r i e d  p r i o r  to  XPS a n a l y s i s .
I t  a l so  r a p i d l y  became a p p a re n t  t h a t  th e  XPS te c h n iq u e  i s  b e s t  a p p l i e d  in
e x p e r im en t s  des ig n ed  s p e c i f i c a l l y  fo r  i t ,  r a t h e r  than  as an a d j u n c t  t e c h n iq u e  
used t o  examine samples p rep a red  p r i m a r i l y  fo r  a n o t h e r  e x p e r i m e n t ,  eg .  
m easur ing  p r o t e i n  a d s o r p t i o n  by r a d i o l a b e l l i n g .  Perhaps th e  main r ea s o n  t h a t  
XPS has  so f a r  f a i l e d  t o  make a s u i t a b l e  impaot .on b i o m a t e r i a l s  development 
i s  t h e  t e n d en cy  to use  i t  as  a " c h e c k ” f o r  o th e r  t e c h n i q u e s ,  r a t h e r  th a n  a s  a 
main t o o l  in i t s e l f .
[8 .2 2 ]  PROTEIN ADSORPTION
The u s e f u l n e s s  o f  XPS i n  the  s tu d y  of  the  a d s o r p t i o n  o f  p r o t e i n s  must remain 
l i m i t e d  by t h e  l a r g e  v a r i a b i l i t y  i n h e r e n t  in  t h e s e  ty p e s  o f  b i o l o g i c a l  
expe r im en t s  and t h e  d i f f i c u l t y  in s e p a r a t i n g  the  s i g n a l  d e r iv e d  from th e  
p r o t e i n  l a y e r  from t h a t  o f  the  polymer s u b s t r a t e .  The s tu d y  of  p r o t e i n  
a d s o r p t i o n  to  p o l y u r e t h a n e s  (N -  c o n t a i n i n g  polymers)  t h e r e f o r e  a p p e a r s  t o  be 
a d i f f i c u l t  prob lem, however,  the  s tu d y  of  p r o t e i n  a d s o r p t i o n  to  m e t a l l i c  o r
ce ramic  s u b s t r a t e s  cou ld  wel l  be a good d e a l  more p r o d u c t i v e .
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A u s e f u l  f e a t u r e  o f  the  s tu d y  o f  adsorbed p r o t e i n s  by XPS i s  t h a t  i t  a p p e a r s  
t o  measure t h e  a r e a  o f  s u b s t r a t e  co v e re d ,  r a t h e r  than th e  mass o f  p r o t e i n  
adso rbed .  Such c o n s i d e r a t i o n s  may be im p o r tan t  in th e  development o f  p r o t e i n  
-  s e l e c t i v e  membranes, for  example .  The co n c lu s io n  t h a t  t h e  a d s o r p t i o n  o f  
p r o t e i n  l e a v e s  b a r e  p a t c h e s  o f  exposed s u b s t r a t e  may n e c e s s i t a t e  some 
r e - t h i n k i n g  o f  p rev io u s  id e a s  abou t  c e l l  i n t e r a c t i o n s  with  b i o m a t e r i a l s ,  i n  
which i t  was assumed t h a t  t h e  s y n t h e t i c  s u r f a c e  was m od i f ied  by a c o n t ig u o u s  
p r o t e i n  c o a t .
The t e c h n iq u e  a l so  c i rcum ven ts  t h e  a p p a r e n t  a r t i f a c t s  due t o  a t t a c h i n g  a 
r a d i o l a b e l  to  a p r o t e i n ,  which may change  i t s  a d s o r p t i o n  b e h a v io u r  or  even 
become detached  from i t .
[8.233 THE POLYMER SURFACE
The e l u c i d a t i o n  o f  the  s u r f a c e  s t r u c t u r e  o f  th e  polymers used in  t h i s  s t u d y  
has  proven d i f f i c u l t ,  b a s i c a l l y  due to  t h e i r  having been s y n t h e s i s e d  w i th  t h e  
s p e c i f i c  aim o f  homogeneity .  N o n e th e le s s  t h e  method o f  v a r y i n g  t h e  
p h o t o e l e c t r o n  t a k e - o f f  ang le  fo r  dep th  p r o f i l i n g  has  been r e f i n e d  and c o u ld  
be v a l u a b l e  in  t h e  s tu d y  of  the  s u r f a c e  s t r u c t u r e  o f  o t h e r  po lym ers  ( 1 9 - 2 1 ) .
The a c r y l i c  copolymers s tu d i e d  in t h i s  work are  t h e  b a s i s  o f  a new g e n e r a t i o n  
o f  b i o m a t e r i a l s ,  hav ing  some h y d r o p h i l i c  c h a r a c t e r  a b s e n t  from t h e  
hydrophobic  e n g i n e e r i n g  polymers  o f  y e s t e r y e a r .  The use  o f  c a r b o x y l  and 
amino groups  in th e  polymer p r o v id e s  a means o f  c o n t r o l l i n g  ion  f lo w  and 
h y d r a t i o n ,  a s  w el l  as t h e  i n t e r f a c i a l  pH, which i s  a c r u c i a l  f a c t o r  i n  
a c h i e v i n g  a f a v o u ra b le  p h y s i o l o g i c a l  r e a c t i o n  (2 2 -2 4 ) .  With t h e  i o n i s a t i o n  
o f  polymer s u r f a c e  g ro u p s ,  th e  p r e s e n c e  o f  ions  and t h e  l i k e l y h o o d  o f  t h e
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micro-pH a t  th e  s u r f a c e  changing  over a pe r iod  o f  hours to d a y s ,  i t  i s  o f  the  
g r e a t e s t  im por tance  to  be a b l e  to  s t u d y  t h e  i n t e r f a c e  and be aware o f  t h e  
changes t a k i n g  p l a c e .
The s tu d y  of the  i n t e r a c t i o n s  o f  t h e  charged polymer s u r f a c e s  w i th  i o n s  
i n d i c a t e s  t h e  p o t e n t i a l  o f  XPS a s  a pow er fu l  t o o l  in  t h i s  a r e a .  These 
i n t e r a c t i o n s  have been l a r g e l y  over looked to- d a t e  by workers  i n  t h e  
b i o m a t e r i a l s  f i e l d ,  p e rhaps  because  o f  a l a c k  of  a s u i t a b l e  i n v e s t i g a t i v e  
t e c h n i q u e .  The c o n c l u s i o n s  o f  t h i s  work are  t h a t  t h e s e  i n t e r a c t i o n s  a r e  o f  
g r e a t  im por tance  in  d e f i n i n g  th e  n a t u re  o f  the  t i s s u e  /  s y n t h e t i c  m a t e r i a l  
i n t e r f a c e ,  w i th  which p r o t e i n s  and c e l l s  w i l l  have to con tend ,  and t h a t  XPS 
i s  a t e c h n i q u e  w e l l - s u i t e d  t o  t h e i r  s t u d y .
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